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Neuroplasticity refers to the ability of the brain to change as a result of one's experience, indicating 
that the brain is plastic and malleable. Synaptic plasticity is the ability of synapses to strengthen or 
weaken over time, in response to increases or decreases of activity. In the clinical context it 
determines how patients with a brain injury can recover, e. g. after stroke, in order to regain 
independence and to perform daily life activities (e.g. dressing, eating, self-care and personal 
hygiene). Previous studies have demonstrated that plasticity can be enhanced by different 
mechanisms.  
 
In this PhD project we tested the effectiveness of non-invasive brain stimulation techniques to 
influence neuro-plasticity. 
 
First, we tested reward related interventions which previously have been proved to boost 
neuroplasticity. For example monetary reward has been shown to improve the acquisition and 
particularly long-term retention of a newly acquired motor skill in humans. The physiological 
substrate mediating this effect is most likely dopamine (DA), a neuromodulator influencing cognitive, 
emotional, motivational and motor processes. 
 
Secondly, we tested the effect of transcranial Direct Current Stimulation (tDCS), known to promote 
neuroplasticity, in healthy young volunteers. Previous research suggests that anodal tDCS over the 
primary motor cortex (M1) modulates NMDA receptor dependent processes that mediate synaptic 
plasticity. We tested this proposal by applying anodal versus sham tDCS while the subjects practiced 
to flex their thumb as fast as possible. The repetitive practice of this task has been shown to result in 
performance improvements that reflect use-dependent plasticity resulting from NMDA receptor 
mediated, long-term potentiation (LTP)-like processes. While, tDCS has received much attention 
because it can be easily applied in a clinical context, its underlying mechanisms are not clear yet. In 
order to explore its mechanisms of action we decided to develop an animal model.  
 
In the third experiment, we developed an animal model of stroke rehabilitation that better mimics 
tDCS applications in humans. Here we aimed to develop an animal model where the effect of anodal 
tDCS over ipsilesional M1 is tested while animals perform goal-directed limb training. Accordingly, 
rats were trained on the pasta matrix reaching task, which allows the manipulation of limb use in 
order to mimic human clinical phenomena. We induced photothrombotic stroke in the M1 
contralateral to the preferred limb. The photothrombotic stroke animal model aims to induce 
ischemic damage within a cortical area through photo-activation of a light-sensitive dye previously 




We concluded that behavioural markers of use-dependent plasticity are surprisingly insensitive to 
monetary reward or punishment which might result from the nature of the task. Our data suggest 
that anodal tDCS facilitates long-term memory formation reflecting use-dependent plasticity, 
supporting the idea that anodal tDCS facilitates synaptic plasticity mediated by an LTP-like 
mechanism. Our data also showed that the application of anodal tDCS during post-stroke training on 
a reaching and grasping task in rats is feasible. tDCS is beneficial to upper limb recovery, only when 
the animals performed the grasp training. The availability of an animal model that can be used to 
closely mimic recovery training in stroke patients opens new avenues for gaining more mechanistic 
understanding of the underlying principles. Our results suggest that tDCS is a promising adjuvant 













































Neuroplasticiteit verwijst naar het vermogen van het brein om zich aan te passen als gevolg van 
ervaringen. Dit geeft aan dat het brein plastisch en vervormbaar is. Met synaptische plasticiteit 
wordt bedoeld dat synapsen versterken of verzwakken als gevolg van een stijging of daling van 
activiteit. In de klinische context bepaalt synaptische plasticiteit hoe patiënten met een hersenletsel 
kunnen herstellen, bv. na een beroerte, om terug onafhankelijk te kunnen functioneren en om 
dagelijkse activiteiten uit te voeren (bv. aankleden, eten, zelfzorg en persoonlijke hygiëne). Eerdere 
studies hebben aangetoond dat plasticiteit kan worden verbeterd door verscheidene mechanismen. 
 
In dit doctoraatsproject testten we in hoeverre niet-invasieve hersenstimulatie neuroplasticiteit kan 
beinvloeden. 
 
Ten eerste testten we of beloningsinterventies neuroplasticiteit kunnen verhogen. Het werd reeds 
aangetoond bij mensen dat beloningen in de vorm van geldbedragen, het leren en in het bijzonder 
het behoud van nieuwe motorische vaardigheden op lange termijn kan verbeteren. Het fysiologische 
substraat dat dit effect bemiddelt, is waarschijnlijk dopamine (DA); een neuromodulator die 
cognitieve, emotionele, motivationele en motorische processen beïnvloedt. 
 
Ten tweede testten we het effect van transcraniële gelijkstroomstimulatie (tDCS) bij gezonde jonge 
vrijwilligers. Eerder onderzoek suggereert dat anodale tDCS over de primaire motorische cortex (M1) 
synaptische plasticiteit kan bemiddelen door modulatie van NMDA receptor afhankelijke processen. 
We pasten anodale versus sham tDCS toe terwijl de proefpersonen herhaaldelijk flexiebewegingen 
van de duim uitvoerden. Het repetitieve oefenen van deze taak leidt tot prestatieverbeteringen en 
gebruiksafhankelijke plasticiteit vloeit vervolgens voort uit NMDA-receptor geïnitieerde langdurige 
potentiatie (LTP)-achtige processen. Ondanks de vele aandacht die tDCS verkreeg door de 
eenvoudige toepassing in een klinische context, zijn de onderliggende mechanismen nog niet 
duidelijk. Om de werkingsmechanismen te bestuderen, werd besloten een diermodel te 
ontwikkelen. 
 
In het derde experiment onderzochten we beroerte in een diermodel. We trachtten het effect van 
anodale tDCS over M1 aan de zijde van de laesie te testen, terwijl ratten doelgerichte reiktaken 
uitvoerden met hun ledematen dmv een pasta matrix. Deze aanpak laat toe om het gebruik van de 
ledematen te manipuleren en om menselijke klinische verschijnselen na te bootsen. We 




fototrombotische beroerte in het diermodel beoogt ischemische schade in een corticaal gebied te 
induceren via de foto-activatie van een in de bloedbaan ingespoten lichtgevoelige kleurstof. 
We concludeerden dat gedragsmatige markers van gebruiksafhankelijke plasticiteit verrassend 
ongevoelig zijn voor monetaire beloning of straf, welke mogelijks kunnen voortvloeien uit de aard 
van de taak. Onze gegevens suggereren dat anodale tDCS langdurige geheugenvorming 
vergemakkelijkt wat gebruiksafhankelijke plasticiteit reflecteert. Dit ondersteunt het idee dat 
anodale tDCS synaptische plasticiteit vergemakkelijkt dmv een LTP-mechanisme. Onze gegevens 
toonden ook aan dat bij post-stroke ratten de toepassing van anodale tDCS tijdens het trainen van 
een reiktaak haalbaar is. Dit blijkt daarenboven gunstig te zijn voor het herstel van de bovenste 
ledematen, maar enkel wanneer de dieren de reiktaak trainen. De beschikbaarheid van een 
diermodel dat kan worden gebruikt om revalidatie training bij mensen nauwkeurig na te bootsen, 
opent nieuwe mogelijkheden voor het verkrijgen van een beter inzicht in het mechanisme en de 
onderliggende principes. Onze resultaten suggereren dat tDCS een veelbelovende aanvullende 


















































The consequences of stroke are often devastating, with the majority of survivors suffering from 
motor deficits. Stroke is the leading cause of long-term motor disability in adults worldwide (Clarke 
et al., 1999; Feigin et al., 2009). The recovery of motor function post stroke is often limited 
highlighting the need for more effective interventions (Kolominsky-Rabas et al., 2001). Over the past 
decade an increasing number of studies has sought to identify adjuvant therapies to boost 
neuroplasticity during recovery. In this project we investigated whether neuroplasticity can be 
enhanced by non-invasive interventions with the aim of facilitating motor recovery after stroke. 
In this introductory chapter we will first provide an overview of neuroplasticity in the context of 
motor learning. We will then describe how markers of neuroplasticity can be measured non-
invasively in humans. Thereafter we will outline the techniques used in the experimental chapters to 
modulate neuroplasticity, and how these might be useful in the case of stroke. Finally we will 
present a brief overview of subsequent chapters and the aims of the thesis.  
 
 
Neuroplasticity in the healthy brain 
 
Neuroplasticity is the ability of the brain to change in response to experience, to the environment, 
and to physiological modifications such as brain damage (Pascual-Leone et al., 2005; Sharma & 
Cohen, 2012). Although it was previously thought that the brain is a physiologically static organ, it is 
now understood that plasticity is a normal ongoing process throughout the life span (Pascual-Leone 
et al., 2005). Long-term potentiation (LTP) reflects an activity dependent increase in synaptic 
strength and is one important mechanism mediating neuroplasticity (Bliss & Collingridge, 1993).  
It has been shown that LTP is dependent on the glutamatergic N-methyl-D-aspartate (NMDA) 
receptor (Coan & Collingridge, 1987). Glutamate activates NMDA receptors allowing calcium to enter 
the cell which acts on calmodulin-dependent protein kinases leading to the upregulation of AMPA 
receptors (Miyamoto, 2006). LTP is additionally modulated by the GABAergic system and Castro-
Alamancos & Connors, (1996) showed that a reduction in GABA inhibition facilitates LTP-like activity 
in motor cortex.  
LTP-like mechanisms can be activated in humans by repeated practice of motor actions that induce 
neural changes known as use-dependent plasticity. For example, use-dependent plasticity is clearly 
evident after several minutes of brisk thumb movements (Classen et al., 1998). Many studies have 




Jones, 2008). Animal studies in rodents have demonstrated that one day of prehension training 
results in changes in gene expression in the primary motor cortex in rats (Kleim et al., 1996), and 
three days of training are sufficient to induce an increase of evoked field potentials in the primary 
motor cortex (M1) of the trained limb (Rioult-Pedotti et al., 1998). Studies in humans have also 
shown that several days of training on a specific task induce cortical plasticity (Draganski et al., 2004; 
Scholz et al., 2009). 
Motor training can lead to motor learning in both the healthy and damaged brain, inducing central 
nervous system plasticity (Dayan & Cohen, 2011; Zeiler & Krakauer, 2012). Plasticity can occur at all 
levels of the nervous system and which structure undergoes the largest plastic changes depends 
mainly on the practiced task. However, there is growing consensus that M1 – the area central for 
executing motor commands - is strongly effected by all types of motor training.  
 In the human motor cortex, motor training leads to encoding of the practiced movement (Classen et 
al., 1998). Encoding is a process associated with practice that results in the formation of motor 
memory (Bütefisch et al., 2004), and is thought to occur during the acquisition (practice) phase. 
Encoding is important as the learner processes information related to the task connecting the goal 
and movement outcome (Robertson, 2009). Following encoding, motor skills undergo consolidation, 
allowing new skills to be retained over time (Romano et al., 2010). Retention of the motor skill is 
usually assessed under the same conditions as during the acquisition phase (Kantak & Winstein, 
2012). Several factors influence the long-term retention of skill learning. Reward during practice has 
been shown to improve long-term retention of a sequential motor skill (see below). Also, non-
invasive brain stimulation techniques such as anodal transcranial Direct Current Stimulation (tDCS) 
can facilitate long-term memory formation in healthy subjects (see below). 
 
Neuroplasticity during motor recovery after stroke 
 
Motor learning is not only an important mechanism for the development of the healthy brain but it 
has been argued that the same processes are also essential for neurorehabilitation after a brain 
lesion, e.g. caused by stroke (Krakauer, 2006).    
The damaged adult brain is able to reorganize and compensate for motor deficits in stroke patients 
(Calautti & Baro, 2003). While the cortical hemisphere contralateral to the lesion (i.e. contralesional) 
might play an important role initially, good recovery of hand function is typically characterized by 
increasing motor control exerted from the lesioned hemisphere (i.e. ipsilesional) (Bütefisch et al., 
2005).  Motor training is currently the most important intervention during the rehabilitation process, 




factors. Even though repetition and training are fundamental for the brain and motor system to 
learn, there is not a clear recommendation concerning the duration and intensity of rehabilitation 
(Wahl et al., 2014). In humans and in animal models (rodents) there is a sensitive period post-stroke. 
Thus, the time course of motor recovery differs among animal and human studies. In animals the 
greatest recovery from impairment usually occurs in the first month (Biernaskie et al., 2004; 
Krakauer et al., 2012), while in humans it usually occurs in the first three months (Krakauer et al., 
2012; Zeiler & Krakauer, 2012). Thus, rehabilitation during this critical period is fundamental for a 
significant recovery from impairment. Accordingly, Biernaskie et al., (2004) showed that the most 
significant gains in the recovery of the rat forelimb were achieved when rehabilitation started early 
(i.e. 5 days) compared to 30 days after stroke. Adkins & Jones, (2005) hypothesize that a longer 
lasting improvement would have been possible if the training started even earlier after lesion 
formation.  
 
Probing motor cortex plasticity in humans using Transcranial Magnetic Stimulation (TMS) 
 
TMS is a non-invasive, safe and painless way to stimulate human motor cortex (Barker et al., 1985). 
It is based on the principle of electromagnetic induction: a pulse of current is passed through the coil 
that is placed over a person’s head, generating a rapidly changing magnetic field that penetrates the 
skull. The magnetic field induces current in the brain tissue under the coil, and depending on 
stimulation intensity, action potentials in stimulated neurons can be triggered (Kobayashi & Pascual-
Leone, 2003). Different types of coils have been developed for TMS but a figure-of-eight coil shape is 
the most commonly used. When applied over the hand area of motor cortex, the coil is positioned 
tangentially to the scalp with the handle pointing backwards at an angle of 45ᵒ away from the mid-
sagittal line. This position appears to be the most efficient for activating corticospinal pathways (Di 
Lazzaro et al., 2004; Rossini et al., 1994). TMS is commonly used to examine the integrity of the 
pathways connecting the brain and a muscle to evaluate damage in several diseases, such as stroke 
(Groppa et al., 2012). M1 can be focally stimulated by TMS, which generates motor evoked 
potentials (MEPs) in the target muscle (Stinear, 2010). The size of the MEP is a measure of 
corticomotor excitability. Use-dependent plasticity in humans causes reorganisation in primary 
motor cortex. In the case of intensive limb use, e.g. due to repetitive training, synapses become 
strengthened which is reflected by an increase of corticomotor excitability, that is, larger MEPs are 
observed after motor training than at baseline (Classen et al., 1998; Muellbacher et al., 2001; 
Rosenkranz et al., 2007). The increase in corticomotor excitability is most likely the result of training-




Modulators of neuroplasticity: Reward and Punishment 
 
Reward and punishment are powerful modulators of human behaviour (Daw et al., 2002). Rewards 
can be classified into primary reward (e.g. food) and secondary reward (e.g. money). Primary 
rewards are innate and essential for daily life, while secondary rewards are not directly related to 
survival (Schultz et al., 2013). In decision making, actions are selected to optimize reward while 
minimizing cost or punishment (Frank et al., 2004; Pessiglione et al., 2006). This process relies on the 
dopaminergic midbrain and its projections to the prefrontal cortex (Pan et al., 2005; Schultz, 2002; 
Zaghloul et al., 2009). It has recently been shown that the influence of reward and punishment on 
behaviour also extends to motor learning tasks. Reward (i.e. earning money for good performance) 
has been found to improve learning and retention of a serial reaction time task (Wächter et al., 
2009), and enhance the retention of a visuo-motor tracking task (Abe et al., 2011). On the other 
hand, punishment (i.e. losing money for poor performance) did not lead to a significant change in 
behaviour on either of these tasks. These results suggest that while reward can influence motor 
behaviour, punishment has little effect. However, it was recently shown that on an error-based 
motor adaptation task, reward did not influence learning gains but led to better retention, while 
punishment led to faster learning but did not influence retention (Galea et al., 2015).  
 
Based on a large body of previous research most effects related to reward have been linked to the 
mesolimbic/mesocortical dopamine system: Reward processing is closely related to an increase in 
firing rate of midbrain dopaminergic neurons which project to cortex and particularly to primary 
motor cortex (M1) (Descarries et al., 1987).  
Most of the dopaminergic cells develop from a single embryological cell group originating at the 
mesencephalic-diencephalic junction projecting to various forebrain targets (Hynes & Rosenthal, 
1999). Mesodiencephalic dopamine neurons form a neuronal group that includes substantia nigra 
pars compacta (SN), the ventral tegmental area (VTA), and the retro-rubal field. The DA system 
includes the mesolimbic and mesocortical pathway which arise from VTA and these DA systems are 
involved in emotion-related behavior including motivation and reward (Mogenson et al., 1980; 
Phillips et al., 2008). In monkeys it was shown that M1 receives dense connections from 
dopaminergic neurons and that the number of D1 receptors (causing excitatory effects at the post-
synaptic membrane) is roughly 10 times larger than the number of D2 receptors (causing inhibition 
at the post-synaptic membrane) (Gu, 2002). It has been proposed that when dopamine binds to D1 
receptors, NMDA-receptor mediated responses to glutamatergic inputs are increased (Gu, 2002). 




for successful motor learning in rats (Molina-Luna et al., 2009). More specifically, selective 
destruction of VTA neurons that project to M1 of rats affected motor learning but not motor 
execution of over-trained movements (Hosp et al., 2011). Data showed that short-term 
improvement of performance within one session was not affected by the VTA lesion but long-term 
improvements were clearly diminished suggesting that DA is required for longer-lasting storage 
mechanisms. Compared to a control group, dopamine depletion of M1 reduced learning gains, 
however, this impairment could be resolved by substituting levodopa directly within M1 (Hosp et al., 
2011; Molina-Luna et al., 2009). Thus, dopamine plays a key role in motor learning in animals. 
In humans, it has been shown that VTA neurons respond to reward (Tobler et al., 2005) and that this 
activity influences decision making. However, much less is known about VTA-M1 interactions during 
motor learning except for first, indirect evidence based on behavioral studies showing that motor 
learning and retention are differentially influenced by reward and punishment (Abe et al., 2011; 
Galea et al., 2015).  
 
 
Modulators of neuroplasticity: Neurophysiological effects of Transcranial Direct Current 
Stimulation (tDCS) 
 
Transcranial Direct Current Stimulation (tDCS) is a non-invasive brain stimulation technique that 
delivers a low intensity constant current to the brain area of interest via electrodes on the scalp 
(Bindman et al., 1964; Landau et al., 1964; Nitsche & Paulus, 2000). It can be performed safely in 
animals and humans. In the 18th century with the invention of the electric battery, Galvani and Aldini 
conducted the first rudimentary studies in direct current stimulation. While Aldini and his 
collaborators used direct current to treat melancholia (Parent, 2004), its re-introduction as a medical 
therapeutic tool took place only in the 20th century. The pioneering work of Priori (Priori et al., 1998) 
followed by other researchers has demonstrated that tDCS can be applied to cortical areas (Paulus, 
2003). tDCS differs from other plasticity inducing protocols (e.g. repetitive TMS) by not inducing 
neural action potentials because static fields in this range do not yield the rapid depolarization which 
is required to produce action potentials in neural membrane (Nitsche et al., 2008). Instead, tDCS 
modulates spontaneous neuronal network activity (Nitsche et al., 2008) by injecting low amplitude 
direct currents via one anodal and one cathodal scalp electrode (Fig 1). If the current flows from the 
active electrode to the reference electrode, it is named anodal. If the current flows from the 
reference electrode to the active electrode, it is named cathodal stimulation. Hereby, the anode is 




electrode. Anodal stimulation produces excitation (increases cortical excitability by depolarizing the 
membrane) and cathodal stimulation produces inhibition (decreases cortical excitability by 
hyperpolarizing the membrane) (Nitsche & Paulus, 2000, 2001). 
 tDCS modulates spontaneous neuronal network activity rather than inducing neuronal firing 
(Nitsche et al., 2008). However, when anodal tDCS is applied to human motor cortex (M1) at rest it 
increases corticomotor excitability with after-effects outlasting the stimulation period by up to 2 
hours (Nitsche & Paulus, 2001). These after-effects are synaptically driven, depend on the 
glutamatergic system and might be mediated by a long-term potentiation (LTP)-like mechanism 
(Nitsche et al., 2003). Previous research has shown that NMDA-glutamatergic receptors are involved 
in the facilitating effect induced by anodal tDCS and, in humans, anodal tDCS after-effects are 
abolished when NMDA receptors are blocked (Nitsche et al., 2003).  
Anodal tDCS appears to modulate not only the glutamatergic synaptic transmission but also 
GABAergic activity. A positive correlation was observed between tDCS induced GABA decrease in M1 
and degree of learning, i.e. showing a faster short term learning (Stagg et al., 2011). This finding 
matches the hypothesis that LTP-like plasticity within the neocortex is critically dependent on GABA 
modulation (Hess et al., 1996), i.e. synaptic strengthening is enhanced when GABAergic activity is 
suppressed.  
Other neuromodulatory transmitters influencing cortical plasticity are acetylcholine (ACh), 
noradrenaline (NA), serotonin (5-HT), and histamine (Hist). Particularly ACh (Kuo et al., 2007) and 5-
HT (Kuo et al., 2015) have been shown to enhance the effect of anodal tDCS on neuroplasticity in the 
motor cortex.  
Another major player influencing cortical synaptic plasticity is brain derived neurotrophic factor 
(BDNF) (Lu, 2003). BDNF has been suggested to be a critical mediator of the anodal DCS effect based 
on in vitro experiments using M1 slices from adult mice carrying a forebrain specific deletion of the 
BDNF gene (postnatal excision of the floxed BDNF allele by Cre recombinase) (Fritsch et al, 2011). 
Slices derived from BDNFflox/flox, cre mice exhibited no synaptic potentiation after 15 min of tDCS 
exposure has been combined with a LTP inducing electrical stimulation protocol, whereas those 
from the Cre-negative BDNFflox/flox littermates displayed intact LTP. Based on these data they 
suggested that the facilitating effect of tDCS on synaptic plasticity is mediated by BDNF secretion in 
mouse M1 slices (Fritsch et al., 2011).  
Activity-dependent BDNF secretion has been studied also in  subjects with and without the BDNF 
Val66Met polymorphism, which is known to partially affect the activity-dependent secretion of 




reduction in practice-dependent learning (Fritsch et al, 2011) and also with a reduced response to 
anodal tDCS (Cheeran et al., 2008; Kleim et al., 2006).  
 
Regarding practical aspects of applying anodal tDCS to human subjects, the polarity, duration, 
electrode position and intensity of tDCS can be controlled by the experimenter (Nitsche & Paulus, 
2000). In studies on motor behaviour tDCS stimulation was primarily applied to M1. The current is 
typically applied via carbonized rubber electrodes covered with saline soaked sponges that vary in 
size from 25 to 35 cm2. Both electrodes can be placed on the scalp (cephalic montage) or the 
reference electrode can be placed on another part of the body (extra cephalic montage). tDCS is 
usually applied for 5 – 30 min with an intensity varying between 1 – 2 mA. The stimulation can be 
given during one single training session (Hummel et al., 2010; Rroji et al., 2015; Tecchio et al., 2010) 
or during multiple training sessions (Reis et al., 2009; Saucedo Marquez et al., 2013). While tDCS is 
generally considered a safe technique there are some side effects such as tingling, moderate fatigue, 
light itching sensation, and less frequently headache, nausea and insomnia (Poreisz et al., 2007).   
 
 
Figure 1 – Transcranial Direct Current Stimulation (tDCS) device. Figure taken from Newronika Company webpage.  
 
 
tDCS in the healthy population 
 
Many research groups have studied the effect of tDCS in the healthy population. The application of 
anodal tDCS placed over a specific region of the brain usually facilitates the learning of the task 
associated with that region (Reis et al., 2008). It has been demonstrated that tDCS increases 
corticomotor neural excitability (Nitsche & Paulus, 2001), and many studies have shown that anodal 
tDCS in combination with various types of motor tasks improves motor performance (Nitsche, et al., 




Generally, anodal tDCS is effective in promoting long-term plastic changes associated with learning 
and memory formation (Wessel et al., 2015). However, it was shown that the effect of  anodal tDCS 
applied to M1 is task specific (Bortoletto et al., 2015; Saucedo Marquez et al., 2013). Saucedo 
Marquez et al., (2013) tested the effect of anodal versus sham tDCS over M1 while the same 
individuals learned two different tasks, a sequential finger tapping task (SEQTAP) and a visual 
isometric pinch force task (FORCE). They showed that anodal tDCS over M1 enhanced learning gains 
for the SEQTAP task, while it improved long-term retention for the FORCE task. The authors 
speculate that long term memories of implicit sequence learning might strongly rely on the striatum  
(Doyon et al., 2009) whereas force control is believed to strongly rely on M1 (Sulzer et al., 2011). 
Accordingly task specific effects might arise because anodal tDCS has a stronger influence on 
neurons located directly underneath the electrode placed over M1, than on the neurons located 
further away from M1 (Saucedo Marquez et al., 2013). 
The location of electrodes, the intensity and the duration, which all can vary, are also very important 
and influence the effect of tDCS (Nitsche & Paulus, 2000).  
 
tDCS in stroke patients 
 
The promising results obtained using non-invasive brain stimulation techniques in healthy subjects 
were extended to patients with neurological diseases, such as stroke. Previous research has 
demonstrated that motor learning might be an essential mechanism for neurorehabilitation 
(Krakauer, 2006), thus rendering anodal tDCS an interesting tool for modulating the response to 
rehabilitation training. In subacute (Hesse et al., 2011; Kim et al, 2009; Lee & Chun, 2014; Rossi et al., 
2013) and chronic stroke patients (Bolognini et al., 2011; Hummel et al., 2005; Lindenberg et al., 
2012; Fregni et al., 2005) different motor tasks (finger sequence learning, grasping tests) or 
functional tests (Box and Block test, Jebsen-Taylor Hand Function test, Wolf Motor Function Test, 
Fugl-Meyer Assessment) were performed in combination with tDCS. These different behavioural 
tests have shown that tDCS can improve motor function either when anodal stimulation is applied 
over ipsilesional M1, i.e. the anode  was placed over M1 of the affected hemisphere and the cathode  
over the contralateral supraorbital area (Fregni et al., 2005; Hummel et al., 2005) or when anodal 
stimulation is applied to ipsilesional M1 and cathodal stimulation is applied to contralesional M1, 
(dual-tDCS) (Fregni et al., 2005; Lindenberg et al., 2010). The potential benefit of placing the anode 
over ipsilesional M1 and the cathode of contralesional M1 is twofold. First, anodal tDCS over the 
affected hemisphere might facilitate reorganisation and re-learning within motor circuits. Second, it 




affected hemisphere is suppressed by the less affected hemisphere (Murase et al., 2004). Applying 
anodal tDCS (i.e. facilitating stimulation) to the affected hemisphere, and cathodal tDCS (i.e. 
inhibitory stimulation) to the less-affected hemisphere might therefore counteract this hemispheric 
imbalance and aid recovery. Daily sessions or a single session of anodal tDCS or dual-tDCS (anode 
and cathode placed over each M1) have been shown to improve motor function in chronic stroke 
patients (Lefebvre et al., 2012; Lindenberg et al., 2010). tDCS may be able to improve motor function 
by upregulating the excitability of the lesioned motor cortex (Nowak et al., 2015). Although these 
are promising data, there is not yet clear evidence that bifocal stimulation (dual-tDCS) is more 
efficient than mono focal stimulation. The pilot study of Hesse et al., (2007) showed a promising 
result combining tDCS with robot-assisted arm training, but it was not possible to replicate the 
findings in a larger scale study (Hesse et al., 2011). The beneficial effects of tDCS were also shown in 
stroke patients with aphasia (Baker, 2010). In general, the published data are not consistent 
regarding the efficacy of tDCS in motor recovery (Feng et al., 2013).  
 
 
tDCS in animals 
 
Even though first results of applying tDCS in human stroke survivors are positive when analysed at 
the group level, there are large individual differences in the response to anodal tDCS. Currently, the 
field struggles to design tDCS applications that increase efficacy either at the group level or at the 
level of the individual because little is known about the underlying mechanism and important 
determinants. Since it is difficult to justify exploratory studies in patients suffering from stroke, there 
is an increasing need to develop adequate in vivo animal models which have proved useful for 
exploring the electrophysiological properties of tDCS. In vivo animal studies have been important for 
testing different combinations of stimulation parameters such as safety range, threshold for brain 
damage etc., which are important for brain stimulation research in general. Many experiments have 
tested the physiological effects of tDCS in healthy animals, for example, by measuring cerebral blood 
flow (CBF) while applying current intensities of 25, 50 and 100 µA. CBF was measured prior to and 
after tDCS for 30 min using laser Doppler flowmetry. At higher intensities anodal tDCS increased CBF 
up to 30 min. In contrast cathodal tDCS at low intensities led to a decrease of CBF. However, both 
stimulations led to significant changes in CBF up to 30 min, and depending on the polarity applied it 
was possible to decrease (cathodal tDCS) or increase (anodal tDCS) CBF (Wachter et al., 2011). Other 
studies examined the effectiveness of tDCS by combining it with functional magnetic resonance 




mounted over frontal cortex. The 400-µA stimulation significantly increased the signal in the frontal 
cortex as well as in the nucleus accumbens, a connected area in the ventral striatum (Takano et al., 
2011). The effect of tDCS has also been evaluated in animal models of stroke (Jiang et al., 2012; Kim 
et al., 2010; Notturno et al., 2014; Peruzzotti-Jametti et al., 2013; Yoon et al., 2012). Jiang et al., 
(2012) reported a potential trend for increased synaptic plasticity in a tDCS group compared to sham 
group when tDCS was applied for 7 days or longer. They reported an increase in dendritic spine 
density in the anodal tDCS group, suggesting that tDCS might play a role in promoting neural 
plasticity. Yoon et al., (2012) showed that 5 days of tDCS versus sham stimulation facilitated recovery 
of gross motor function as measured by the beam balance test and the motor behavioural index 
with rats that started receiving stimulation 1 week post stroke faring better than those that started 
receiving stimulation 1 day post stroke. Moreover, they showed that anodal tDCS starting 1 week 
post stroke promotes Gap-43 expression in intact cortex. Gap-43 has been shown to play an 
important role in axonal growth and the formation of new connections. Kim at al., (2010) found no 
significant effect of anodal tDCS on motor function when applied early after stroke, however they 
used an unusually large stimulation electrode for rats (1 cm diameter). They reported that anodal 
tDCS had no effect on infarct size, but white matter axons were better preserved in rats that 
received anodal tDCS. However, one crucial limitation of the above studies is that tDCS was always 
applied during anaesthesia which is -at least based on the results of human studies- much less 
effective than when tDCS is combined with rehabilitation training. Thus, the field is in need of a rat 
model that better mimics tDCS applications in stroke patients. Research done in rodents mostly used 
a montage similar to that reported by Liebetanz et al., (2006), fixing the electrodes directly onto the 
skull of the animal. The active electrode size is typically 3.5 mm2, and the reference electrode, a 
carbonized rubber electrode, is placed on the chest and held by a small jacket. Current intensity and 
the duration of the stimulation are of utmost importance. Liebetanz et al., (2009) investigated the 
safety limits of tDCS in the rat brain. Histological analyses of their study demonstrated that for 
cathodal stimulation, no pathological brain lesions were observed for current densities between 
142.9 and 287 A/m2. No neurotrauma was visible if the current intensity was between 1 – 100 µA, 
with the earliest lesion signs starting at 500 µA.  
One has to note though that there are very important methodological differences between humans 
and animal studies. The current density typically applied in animals (34.2 A/m2) is 85 times higher 
compare to humans (0.4 A/m2) (Brunoni et al., 2011) because almost all studies using rats as models 
have used a current intensity at the medium to upper safety limits determined by Liebetanz et al., 
(2009). Our study followed the same general approach but used lower intensities than most previous 




15.9 A/m2) which was delivered through the anodal electrode for 30 min duration in each training 
session. Stimulation at this intensity and duration does not cause discomfort, pain or damage to 
neural tissue (Liebetanz et al., 2009) while it was shown to effectively modulate brain activity (Jiang 
et al., 2012; Kim et al., 2010; Notturno et al., 2014; Yoon et al., 2012).  
Even though the above studies showed that anodal tDCS might modulate some markers of plasticity 
after stroke, they are all limited because tDCS was applied during anaesthesia. The purpose of the 
present study was to develop an animal model of stroke rehabilitation that better mimics tDCS 
applications in humans using a bedside-to-bench approach. Most importantly, we aimed to develop 
an animal model where the effect of anodal tDCS over ipsilesional M1 is tested while animals 
perform goal-directed upper limb training. Therefore, rats were trained on the pasta matrix reaching 
task, a sensitive behavioural assay that allows the manipulation of limb use in order to mimic human 




In the present doctoral thesis we investigated whether non-invasive interventions in combination 
with motor training can enhance neuroplasticity in the primary motor cortex (M1) area of healthy 
young volunteers and in an animal model of stroke. We set out to generate new knowledge with 
regard to three major questions: 
First, little is known whether training under rewarded or punished conditions causes measurable 
physiological effects in M1. In Chapter 2 we tested this idea using a task that is believed to increased 
synaptic efficacy as a consequence of repetitive use. 
 
Second, anodal tDCS has been shown to facilitate learning of motor tasks but most of these tasks 
probed skill learning. However, another important component of learning are changes occurring as a 
consequence of increasingly using of a limb (for example, due to repetitive practice). In chapter 3 we 
tested whether anodal tDCS over M1 would enhance this specific aspect of motor learning which is 
an essential component of many daily life training sessions in sports and rehabilitation. 
 
Third, anodal tDCS has been shown to facilitate motor learning in healthy subjects and patients. 
However, very little is known about the underlying mechanism or important determinants which 
might influence the effectiveness of anodal tDCS. One reason for this gap in knowledge is that there 




In chapter 4 we develop a rat model for testing the influence of anodal tDCS on recovery after 
stroke. 
An overview of each chapter is provided in table 1.  
 
 
 Subjects Motor task Neuroplasticity 
Modulation 
Applied area Sessions 
Chapter 2 33 (17 female; 
humans) 
Thumb flexion Reward and 
Punishment 
- 1 
Chapter 3 14 (7 female; 
humans) 
Thumb flexion tDCS /sham tDCS M1 2 
Chapter 4 28 (all male; 
rats) 
Pasta matrix tDCS /sham tDCS Ipsilesional M1 10 
 
Table 1: Overview of experimental chapters.   
 
 
Chapter 2: Reward modulates changes in corticomotor excitability induced by motor practice 
 
We first addressed if reward has a positive effect on use-dependent plasticity resulting from motor 
training, which is believed to serve as a model for studying LTP-like plasticity in humans. We wanted 
to investigate how monetary reward modulates motor behaviour and corticomotor excitability in 
healthy young volunteers. Single pulse TMS was used to measure corticomotor excitability. Thirty-
three subjects practiced fast ballistic flexions of their non-dominant thumb. Repeated practice of a 
motor action can induce use-dependent plasticity, which is evident after several minutes of brisk 
thumb movements. Subjects were assigned either to the reward or punishment group and 
performed 10 blocks of thumb flexion movements of their non-dominant hand. Retention tests were 
performed after 30 min, after 24 hours and one week later. Subjects in both groups learned and 
retained the motor behavioural task equally well. Surprisingly, the punishment group showed an 
increase in cortical excitability from baseline to post training, while the reward group exhibited a 








Chapter 3: Anodal tDCS over the primary motor cortex facilitates long-term memory formation 
reflecting use-dependent plasticity  
 
Does anodal tDCS applied to M1 affect use-dependent plasticity in the form of increased neural and 
behavioural efficiency as a consequence of repeated practice? Here we test this proposal by 
applying anodal versus sham tDCS while subjects practiced to flex the thumb as fast as possible 
(ballistic movements). Repetitive practice of this task has been shown to result in performance 
improvements that reflect use-dependent plasticity resulting from NMDA receptor mediated, long-
term potentiation (LTP)-like processes. Using a double-blind within-subject cross-over design, 
subjects participated either in an anodal or a sham tDCS session which were at least 3 months apart. 
Sham or anodal tDCS (1 mA) was applied for 20 min during motor practice and retention was tested 
after 30 min, after 24 hours and one week later. All subjects improved performance during each of 
the two sessions and learning gains were similar. Our main result was that long term retention 
performance (i.e. 1 week after practice) is significantly better when practice is performed with 
anodal tDCS than with sham tDCS. Our data strongly suggest that anodal tDCS facilitates long-term 
memory formation reflecting use-dependent plasticity. Our results support the notion that anodal 
tDCS facilitates synaptic plasticity mediated by an LTP-like mechanism, which is in accordance with 
previous research. To gain a more mechanistic insight we developed an animal model where we 
tested the effect of tDCS in a photothrombotic stroke model (chapter 4). 
 
 
Chapter 4: The effect of tDCS on motor recovery in an animal model of stroke  
 
The purpose of the study described in this chapter was to evaluate the effect of tDCS in an animal 
model for stroke rehabilitation that mimics tDCS applications in humans. tDCS can augment synaptic 
plasticity in vitro and in vivo with effects being larger when it is applied while  synapses are active 
(for example due to motor training in in vivo models) which is thought to result in enhanced LTP-like 
plasticity. However, it is currently unclear whether tDCS early after stroke is truly beneficial for 
functional recovery in humans and which mechanisms might drive this effect. This gap in knowledge 
results partly from the lack of animal models that are translatable to clinical applications. We 
induced photothrombotic stroke in M1 after 10 days of grasping training. Starting from the 4th day 
post-infarct, animals were trained for 10 more days while anodal or sham tDCS (0.05 mA) was 
concurrently applied for 30 min. Rats with large bilateral lesions made very few grasps after surgery. 




function significantly better compared to the sham tDCS group. Our main finding is that applying 
tDCS to the ipsilesional cortex during 30 min of motor training in a rat stroke model is feasible. 




Chapter 5: General Discussion 
 
In this chapter we will summarize the main findings of the studies that form this PhD thesis. These 
results are discussed within the context of studies previously performed in humans and animals. 
Finally, suggestions for future work are provided. 
 
 
Outline of the experimental chapters   
 
In this thesis we investigated whether neuroplasticity can be enhanced by non-invasive interventions 
with the aim of facilitating motor recovery after stroke. At the beginning of our project we used a 
simple motor task that has been shown to induce use-dependent plasticity in the motor system of 
healthy participants. We explored whether neuroplastic processes can be enhanced either via 
rewarding/punishing feedback, which is believed to modulate dopaminergic circuits (experiment 1), 
or by anodal transcranial Direct Current Stimulation (tDCS), which is thought to modulate the 
induction of Long Term Potentiation (LTP) at the synaptic level (experiment 2). 
Our initial experiments in young, healthy participants revealed that anodal tDCS over the primary 
motor cortex had a much stronger effect on motor behaviour than rewarding/punishing feedback 
and we decided to focus on investigating the plasticity enhancing effect of tDCS in further detail. In a 
bedside-to-bench approach, we developed a rat model of recovery from stroke using a rehabilitation 
program similar to that used in humans, i.e. applying anodal tDCS while upper limb stroke 
rehabilitation training was performed. Male Sprague-Dawley rats were chosen to induce 
photothrombotic stroke and to test the effect of tDCS while they were performing/trained on the 
pasta matrix reaching task. In the next paragraph we will briefly describe the experimental tools and 







Behavioural motor tasks 
 
Thumb flexion task (chapter 2 & 3): Performing repetitive brisk thumb movements in a certain 
direction for several minutes (30 min) is believed to strengthen existing neural connections and to 
facilitate the creation of new ones within M1. This phenomenon is known as use-dependent 
plasticity in response to training (Classen et al., 1998). Subjects had to perform a ballistic thumb 
flexion movement with their non-dominant hand. A Polhemus Fastrak accelerometer sensor was 
fixed on the nail of the thumb to measure 3D kinematics and provide online feedback. From the 3D 
kinematics, the absolute velocity was calculated by Vi = ((Xi-Xi-1)
2 + (Yi-Yi-1)
2 + (Zi-Zi-1)
2)1/2 / (ti-ti-1) where 
X, Y and Z represent the displacement in the three dimensions, t is the time and i is the index of the 
current data point. For each movement the velocity profile was displayed on a computer display in 
front of the subject to provide performance feedback. Additionally, the maximum velocity was 
calculated and displayed for all trials, such that subjects saw how their performance changed across 
training.  
Subjects were instructed to flex their non-dominant thumb as fast as possible, making an isolated 
movement, i.e. without activating other synergistic muscles.  Movements were performed in blocks, 
each consisting of 20 movements (1 movement every 3 sec). Each block lasted 1 minute and in 
between blocks there was a break of 1 minute to prevent fatigue.  
Visual information on the performance of the actual trial and the progression throughout the whole 
block was provided on a screen in front of the subjects (chapter 3). In chapter 2, subjects did not see 
the performance history, instead they were informed about their “reward history”, i.e. how much 
money that had won/lost during training.  
The thumb movement task serves as an example for training-induced, use-dependent plasticity. 
Even though it is a strong simplification of real-life tasks, it involves similar neural mechanism (i.e. 
increase in synaptic efficacy) as activated by repetitive training used in sports or rehabilitation 
training. 
 
Pasta matrix reaching task (chapter 4): Rats were placed into a transparent plastic box and had to 
grasp pieces of pasta through a slot. This task requires animals to make independent skilled use of 
the limb. Thus, the task allows for quantitative (number of successful reaches/transports) 
assessment of behavioural performance and provides a sensitive measure of both motor impairment 
and improvement after stroke (Ballermann et al., 2001; Tennant et al., 2012). Repeated practice of 
motor actions induces neural changes, known as use-dependent plasticity, activating LTP-like 




becomes evident after performing the same grasping movement. Due to training, the existing 
connections are strengthened and new ones should be created within M1.  
 
 
tDCS in humans  
 
The anode electrode (5 x 5 cm) was located over the hand area of the M1, which was localized with 
TMS. The cathode electrode (11 x 9 cm) was located on the ipsilateral shoulder (extracephalic 
placement). Anodal tDCS of 1 mA (corresponding to a current density of 0.4 A/m2) was applied for 20 
min over the hand area of the primary motor cortex. In the anodal tDCS condition the current was 
ramped up to 1 mA over 12 s and then applied at this intensity continuously. In the sham tDCS 
condition the same ramp up procedure was applied but the current was ramped down after 12 s 
(chapter 3).   
 
 
tDCS in rats 
 
A tube (outer diameter 3.86 mm) was attached onto the skull (1.5 mm anterior to bregma and 2.5 
mm lateral from midline). The anode electrode (2 mm diameter) was inserted into the tube, and the 
cathode electrode (2.5 x 2.5 cm) was placed onto the ventral thorax using a jacket. Anodal tDCS with 
an intensity of 0.05 mA (corresponding to a current density of 15.9 A/m2) was applied for 30 min 
over the primary motor cortex of the ipsilesional cortex. Anodal tDCS was applied by manually 
ramping up current intensity over 5 s. For sham tDCS, the electrode montage was the same but no 
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Chapter two  
 
 
Reward modulates changes of corticomotor excitability induced by motor practice  
 
 































Monetary reward has been shown to improve long-term retention of a new motor skill or motor 
adaptation in humans. The physiological substrate mediating this effect is most likely dopamine (DA), 
since dopaminergic neurons which are activated by reward project to primary motor cortex where 
they modulate the expression of synaptic plasticity. In the present study we asked whether use-
dependent plasticity which is triggered by repetitively practicing the same movement is influenced 
when the training is performed either under rewarded or punished conditions. Twenty eight healthy 
young volunteers were randomly assigned to a rewarded or punished training group. All subjects 
practiced to flex their non-dominant thumb as fast as possible (10 blocks of 20 movements each). In 
the rewarded group, each trial that was executed faster than the previous one resulted in winning 
money. In the punished group, each trial that was executed slower than the previous one resulted in 
losing money. Transcranial Magnetic Stimulation (TMS) was used to determine corticomotor 
excitability of the non-dominant thumb flexor since previous work has shown that corticomotor 
excitability is typically increased after this type of training. TMS was applied at baseline before 
training, and approximately 0, 8, 16 and 24 min after training. Each TMS block consisted of 20 single 
pulses lasting approx. 6 min. Behavioural retention tests were performed 30 min after training, 1 day 
and 1 week later. Our main results are that mean peak velocity as well as its standard deviation 
followed a highly similar time course in both groups indicating that irrespective of 
reward/punishment subjects learned and retained the motor task equally well. Surprisingly, only the 
punishment group showed the typical increase of corticomotor excitability from baseline to the Post 
measurements (Group x Time interaction F(4, 104) = 3.476, p < 0.05 while the reward group  
exhibited even a slight decrease. Our study showed that behavioural markers of use-dependent 
plasticity are surprisingly insensitive to monetary reward or punishment which might result from the 
nature of the task. Surprisingly, training under rewarded but not under punished conditions 
prevented the increase of corticomotor excitability which is typically observed in this task. This 













Reward and punishment are important motivators that shape human and animal behaviour (Daw et 
al., 2002; Pavlov, 1927). In the context of decision making it has been shown that actions are selected 
to optimize reward (i.e. learning to make choices that lead to good outcome) and to minimize 
cost/punishment (i.e. avoiding those that lead to bad outcome). Dopamine (DA) and, particularly, 
dopaminergic cells in the midbrain play a key role in these learning processes (Frank et al., 2004; Pan 
et al., 2005; Pessiglione et al., 2007; Schultz, 2002; Zaghloul et al., 2009). 
Learning and memory formation (Malenka & Bear, 2004; Martin et al., 2000) rely on activity-
dependent modifications of the strength or the efficacy of synaptic transmission at pre-existing 
synapses (Citri & Malenka, 2008). Long term potentiation (LTP) is generally associated with 
strengthening synapses (for example due to repeated practice) while long term depression (LTD) is 
associated with weakening synapses. Previous animal research has shown that repeated practice of 
the same motor action triggers use-dependent plasticity in M1 so that horizontal connection of 
motor cortex are strengthened via LTP (Harms et al., 2008; Rioult-Pedotti et al., 2000). Moreover, it 
has been suggested that in humans, these cellular mechanisms of synaptic plasticity can be indirectly 
deduced by TMS. It has been shown that use-dependent plasticity resulting from repeatedly 
practicing a simple motor action (e.g. brisk thumb movements) triggers reorganisation in M1, most 
likely driven by an LTP-like mechanism (Bütefisch et al., 2000; Classen et al., 1998), which is reflected 
by an increase of corticomotor excitability (Rosenkranz et al., 2007). Additionally, LTP (but also LTD) 
of neurons in cortex (including M1) are modulated by dopaminergic inputs (Calabresi et al., 2007; 
Wickens et al., 2003) representing a potential neurophysiological link between memory formation at 
the one hand and practicing under rewarded versus punished condition at the other.  
In line with this proposal, some recent studies have shown that reward and punishment do not only 
influence decision making but might also shape motor learning and memory formation. Wächter et 
al., (2009) demonstrated that reward (i.e. earning money for good performance) enhanced learning 
and retention of a serial reaction time task, while punishment (i.e. losing money for bad 
performance) had no influence on learning or retention when compared to a control group that 
received motivationally neutral cues. Using a visuo-motor tracking task, Abe et al., 2011 
demonstrated enhancement of memory retention for a rewarded group of participants (winning 
money), while the punished group (losing money) did not show significant changes in behaviour. 
Whilst the previous studies used motor skill acquisition paradigms, very recently Galea et al., (2015) 
investigated the influence of reward/punishment on a motor adaptation task which is a model of 
error-based learning. They demonstrated a double dissociation so that reward and punishment have 




demonstrated that punishment (losing money) leads to faster learning but does not influence 
retention, whereas reward (winning money) did not influence learning gains when compared to a 
motivationally neutral control group but improved retention. These data reinforce the idea that 
independent mechanisms underpin learning and retention during motor adaptation.  
In summary, previous studies used different behavioural paradigms to probe either skill acquisition 
(sequence learning, visuo-motor tracking) or visuo-motor adaptation under either rewarded or 
punished conditions. These studies showed consistently that rewarding good performance is 
beneficial for retention while punishing bad performance might accelerate error based learning as 
tested with adaptation paradigms but not necessarily other forms of motor plasticity. Even though 
there is growing evidence that reward/punishment influences motor memory formation as reflected 
at the behavioural level much less is known about the neurophysiological underpinnings of this 
phenomenon. 
Reward processing has been strongly linked to increased firing of midbrain dopaminergic neurons 
that project to primary motor cortex (M1) (Descarries et al., 1987) where they facilitate synaptic 
plasticity and skill learning in animal models but have little influence on motor performance once a 
motor task has been acquired (Hosp et al., 2011; Molina-Luna et al., 2009).  
Much less is known about how punishment affects motor behaviour. Recently Galea et al., (2013) 
showed that punishment (i.e. losing money for bad performance) influences the selection of basic 
kinematic parameters. Performing a simple out-and-back finger movement, the maximal acceleration 
as well as corticospinal excitability as measured by Transcranial Magnetic Stimulation (TMS) during 
movement preparation were more variable under punished than under rewarded or neutral 
conditions. Interestingly this effect disappeared when the dopaminergic system was manipulated via 
a D2 receptor antagonist (Galea et al., 2013). The authors concluded that when participants are 
punished, dopamine-dependent processes influence the selection of low-level movement 
parameters most likely reflecting the exploration of kinematic parameters that may result in less 
punishing, or conversely more rewarding outcomes. Put differently, if a movement is rewarded, it is 
likely that the same movement will be repeated to obtain more reward (i.e. subjects exploit the 
actual movement solution). By contrast, if a movement causes punishment, subjects explore 
alternative solutions to improve performance (and thus obtain less punishment/more reward). 
Dopamine seems to be an important neurotransmitter that influences whether subjects switch 
between exploitation and exploration strategies.  
 
Even though the above literature suggests that training under rewarded versus punished conditions 
might differentially influence synaptic plasticity in humans, there is virtually no neurophysiological 
data available to either confirm or reject this proposal. To fill the gap in knowledge we test here 
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whether learning under rewarded versus punished conditions leads to measurable changes of 
behaviour and/or corticomotor excitability in response to repetitive motor training. Subjects 
practiced to perform ballistic thumb movements as quickly as possible during a single training session 
while they were either rewarded or punished using monetary reward schemes which are known to 
induce powerful motivational effects (Abe et al., 2011; Wächter et al., 2009). Corticomotor 
excitability was measured before and after motor training using TMS. Based on previous research we 
expected that the motor training would result in better movement performance but also increased 
corticomotor excitability (Rosenkranz et al., 2007). We explored whether the behavioural and/or 
neural effects of training would be modulated by reward or punishment.  
 
 




Thirty-three healthy young adult volunteers (age range 19 – 28, mean ± 22.67 ± 1.61 years) of which 
17 were females and 7 left-handed (Oldfield, 1971) were recruited for this study. They had no prior 
experience with the motor task, were naïve regarding the purpose of the experiment and complied 
with standard inclusion criteria for TMS (Wassermann et al., 2008). Written inform consent was 
obtained from each subject before the experiment. The experimental procedure was approved by 
the local Ethics committee for Biomedical Science Research at the KU Leuven, Belgium, in agreement 
with the code of Ethics of the World Medical Association (Declaration of Helsinki)(Rickham, 1964). 
Five subjects were excluded from the study after TMS preparations because their rest motor 
threshold for TMS exceeded 70% of the maximal stimulator output. This threshold would have 
resulted in close to maximal stimulation intensities during the experiment bearing the risk that the 
TMS measurements induced discomfort which might interact with our main experimental 
manipulation. Therefore, 28 subjects (14 in the reward group and 14 in the punishment group) were 
included in the final data analyses. 
 
 
Motor task and reward/punishment 
 
Subjects were seated in a comfortable chair in front of a PC and had to perform isolated, ballistic 




fixed to a wooden frame and the four fingers of the non-dominant hand were immobilized by a 
Velcro strap while the thumb was unconstrained and could be freely moved. A Polhemus Fastrak 
sensor (sampling rate of 120 Hz, spatial resolution of .0006 cm) was fixed on the nail of the moving 
thumb to measure 3D kinematics and to provide online feedback. This montage of the sensor 
location was used as previous research has shown that it is highly reproducible between sessions 




2)1/2 / (ti-ti-1) where X, Y and Z represent the displacement in the three dimensions, t 
is the time and i is the index of the current data point. For each movement, the velocity profile was 
displayed on the computer screen in front of the subject to provide performance feedback. 
Additionally, the maximum velocity was calculated and displayed for all trials, such that subjects saw 
how their performance changed across training.  
Subjects were instructed to flex their non-dominant thumb as fast as possible. Movements were 
performed in blocks, each consisting of 20 movements (1 movement every 3 sec). Each block lasted 1 
minute and in between blocks there was a break of 1 minute to prevent fatigue.  
Visual information on the performance of the actual trial and the progression throughout the whole 
blocks was provided. On a screen in front the subjects could see two panels. The upper panel showed 
a graph in which the 3D velocity of the last thumb movement was represented (the x-axis displayed 
the velocity (cm/sec) and the y-axis the time (sec)). The lower part of the screen showed the amount 
of money the subject had won at this specific trial (i.e., the amount would either stay the same or 
increase if they were in the reward group or either stay the same or decrease if they were in 
punished group).  
 
The following algorithm was used to provide reward/punishment based on the subject’s movement 
performance: the rewarded group started with € 0.00 and the punished group with € 50.00 (Fig. 1B). 
Subjects were instructed that they would win money (rewarded group) or not lose money (punished 
group) when they moved faster in the actual than in the previous trial. The rewarded group received 
+€ 0.20 if they performed one, +€ 0.40 if they performed two or +€ 0.60 if they performed three or 
more trials in a row that were faster than the preceding one.  
The punished group lost money when the actual trial was slower than the previous one: -€ 0.20 for 
one, -€ 0.40 for two, and -€ 0.60 for three or more trials that were slower than the previous one.  
This reward scheme might motivate subjects to perform occasionally one very slow trial. To prevent 
this strategy subjects were informed that when peak velocity would suddenly drop by more than 
30%, subjects would be blocked from winning money for 5 consecutive trials (rewarded group), or 
they would lose € 0.20 for five consecutive trials, irrespective of their performance.  
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Importantly, it was ensured that both groups received a comparable amount of money at the end of 
the experiment and the dynamics of earning/losses would be highly similar (Fig. 1 B). 
 
 
Transcranial Magnetic Stimulation (TMS)  
 
The general TMS procedure was nearly identical to the procedure described in Alaerts et al., (2009). 
In short, electromyograms (EMG, Mespec 8000, Mega Electronics Ltd., Kuopio, Finland) were 
recorded with disposable Ag-AgCl surface electrodes (Blue Sensor SP, Denmark) from the abductor 
pollicis brevis (APB).  A belly-tendon montage was used, with one electrode placed over the middle 
portion of the muscle belly of the APB, and the other electrode over the APB tendon. A third 
reference electrode was placed on the bony part of the radius or ulna. Responses were sampled at 
5000 Hz amplified (CED Power 1401 and Signal software, Cambridge Electronic Design, UK), band-
pass filtered (30-1500 Hz) and stored on a PC for offline analysis. Focal TMS was performed with a 70 
mm figure of eight magnetic coil connected to a Magstim 200 stimulator (Magstim, Whitland, Dyfed 
UK). The coil was positioned tangentially to the scalp of the non-dominant hemisphere with the 
handle pointing backwards at an angle of 45ᵒ away from the mid-sagittal line (Fig 1C). The subjects 
wore a tight fitting swimming cap covered by a grid of 1 cm2, in order to ensure an optimal coil 
placement. Firstly, TMS was used to determine the so-called motor “hotspot”, i.e. the position where 
the largest and most consistent MEPs were obtained in the APB. The APB hotspot was marked on the 
grid to ensure the exact replacement of the coil during the later TMS measurements. In order to 
obtain good TMS data, subjects were instructed to close their eyes and relax their hand muscle. This 
was closely monitored by the experimenter on the basis of the background EMG. The rest motor 
threshold (rMT), defined as the lowest stimulus intensity evoking MEP’s > 50 µV in at least five out of 
10 consecutive trials in the non-dominant APB, was determined to the nearest 1 % of maximum 
stimulator output (Rossini et al., 1994). Single pulse TMS was applied with the intensity adjusted such 
that MEPs with a peak-to-peak amplitude of 1 mV were evoked at baseline. This intensity was 
maintained for the whole experiment. MEPs were recorded in blocks of 40 stimulations with an inter-












Men and women were randomly assigned to either the rewarded or punished group thus ensuring 
that both groups were matched for gender. We used a convenience randomization scheme which 
ensured that the total number of subjects per group as well as the gender ratio was matched as close 
as possible already during each time point of the recruitment process. The overall protocol is 
summarized in figure 1D. Prior to the first training session, there was a short demonstration by the 
experimenter which was followed by 5 warm-up trials of the subject. One block of baseline TMS 
measurement was run and MEPs were collected for approximately 6 min. During this time the 
subjects closed their eyes and were asked to relax their hand muscle which was closely monitored on 
the basis of the background EMG (bgEMG). Right after the collection of baseline MEPs the subjects 
were prepared for the behavioural task, by removing the EMG electrodes. Ten practice blocks were 
executed (train1 ... train10) each block consisting of 20 flexion movements (1 movement every 3 s). 
Each block lasted 1 min in total and was followed by a 1 min break to prevent fatigue. The total 
training session lasted 20 min (corresponding to 200 flexion movements) and the subject was either 
rewarded for good performance or punished for bad performance.  
After the behavioural task the subjects were prepared to receive 4 more blocks of post-training TMS 
which was separated by breaks of approximately 1 minute. At the end of the last TMS block the EMG 
electrodes were removed and subjects performed a retention test (RT–D1) consisting of 1 block of 20 
flexion movements. Additional retention tests were performed the day after (RT–D2) and one week 
later (RT–D7) each consisting of 3 blocks of 20 flexion movements, no TMS measurements were 
taken. During the whole experiment, the experimenter administering the TMS measurements was 
blinded as to whether subject belonged to the rewarded or punished group. 
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Figure 1: Experimental setup. A) Subjects performed discrete ballistic thumb flexion movements with the 
forearm and fingers fixated. B) Monetary evolution of rewarded and punished groups. Rewarded group (grey 
colour) starts the performance at 0 euro and the punished group (black colour) starts the performance at 50 
euro. Y-axis: average amount of money; X-axis: training sessions. Data are shown as StD. C) Focal TMS 
positioned tangential to the scalp of the non-dominant hemisphere. D) General experimental design. 
 
 
Data analyses  
 
Behavioural data: The peak velocity (PeakV), i.e. the maximal 3D velocity within the 2 sec movement 
window was extracted for every single trial and averaged within each block. In order to remove inter-
subject variability regarding the absolute velocity values (which is for example influenced by the 
length of the thumb), the average peak velocity data were normalized to the first training block 
(performance improvement1...10 (%) = ((peak velocity1...10 / train1) * 100). We also estimated 
performance variability by the standard deviation of the maximum peak velocity (stdPeakV) within 
each block.   
To prevent that these behavioural estimates were confounded by extreme values within one block 





TMS data: Peak-to-Peak MEP amplitudes were determined from the EMG data of every TMS 
stimulation and averaged within each block. The bgEMG was quantified by calculating the root-
mean-square error (RMSE) for 100 msec interval prior to the TMS stimulation (Alaerts et al., 2009). 
The data were excluded if bgEMG > (mean + (2.5*st.dev)) or if MEP > (Q3-Q1) x 1.5+Q3 with Q1, Q3 
being the first and third quartile, respectively (Alaerts et al., 2011). 56 outliers out of 4480 trials were 





28 subjects (14 per each group (reward/punishment)) were included in the final data analyses for 
behavioural training and TMS stimulation. The behavioural as well as the TMS data were subjected to 
Analyses of Variance for repeated measures (repeated measures ANOVA). The criterion for statistical 
significance was set to alpha p < 0.05 and Fischer’s LSD post-hoc tests were used to analyse 
significant interaction effects.  
 
Behavioural data: Data were normally distributed as tested with the Shapiro-Wilk test. A repeated 
measures ANOVA was performed to analyse the thumb flexion peak velocity (PeakV) as well as its 
variability (stdPeakV) with the between factor Group (reward/punished) and the within factor Time 
(training1-10, RT-D1, RT-D2, RT-D7). The analyses were performed to assess whether learning of the 
behavioural task was affected by the type of reward scheme. When appropriate a Greenhouse 
Geisser correction was applied. 
 
TMS: For most time points, data were normally distributed (only data measured at POST-3 and POST-
4 deviated from normality) and the assumption of sphericity was met. A repeated measures ANOVA 
was performed to analyse the MEP data with factors Group (rewarded/punished) and Time (baseline, 
POST-1, POST-2, POST-3, POST-4). The analyses were performed to assess whether training-induced 
changes in corticomotor excitability were different for the reward and punishment groups. 
Additionally we performed a control analysis not relying on the POST-3 and POST-4 data points. 
Based on previous results we expected the most important changes to occur from baseline to POST-1 
we performed an additional analysis based on the % change in MEP amplitudes ΔMEP% = 
100*(MEPPOST1/MEPbaseline-1).  
All results in the text are reported as mean (M) and standard deviation (STD). Error bars in the figure 
display the standard error of the mean (SEM).  
 





Behavioural data: Normalized PeakV increased significantly for both groups over the course of 
training (Fig. 2, Time main effect F(15, 375) = 11.216, p < 0.001). A drop in performance was noticed 
when the subjects had to perform the first retention test (RT-D1) 30 min later. During the retention 
tests at day 2 (RT-D2) and one week later (RT-D7), both groups started their performance at a similar 
level as RT-D1 and further increased performance in the second and third block (Fig 2 & 3). Learning 
gains were very similar across groups; the repeated measures ANOVA revealed no significant Time x 
Group interaction F(15, 375) = .661, p = .822 nor a significant Group main effect F(1, 25) = .175, p = 
.678. Note that a very similar pattern of results was observed when non-normalized PeakV data were 
analysed and also for these data there was only a non-significant Time x Group interaction F(16, 400) 
= .844, p = .635. Individual peak velocity data show an improvement of every single subject in the 
punishment (A) and reward (B) group due to training (Train 1 to Train 10) (Fig 4). Most of the subjects 
exhibited a performance decrease from the tenth training session to the first session of the second 
day of the retention test (Train 10 to RT D2-1). Even though there was inter-individual variability 
between subjects this was similar in punished (C) and rewarded (D) group (Fig 4).  
The stdPeakV was slightly higher for the rewarded than for the punished group during training and 
also during the retention test (Fig. 3), however, this effect did not reach significance: Group effect 
F(1, 23) = 1.173, p = .2899. Overall, stdPeakV showed no systematic change across time. Accordingly 
neither the Time main effect F(16, 368) = 1.431, p = .123 nor the Group x Time interaction F(16, 368) 




Figure 2: Peak velocity performance improvements relative to the first training block for rewarded (grey colour) and 
punished group (black colour). Training (T1-T10) and retention tests at day 1 (RT-D1-1), day 2 (RT-D2-1...RT-D2-3) and day 7 





Figure 3: Performance improvements of variability of acceleration, standard deviation of peak velocity data for rewarded 
(grey colour) and punished group (black colour). Training (T1-T10) and retention tests at day 1 (RT-D1-1), day 2 (RT-D2-





















Fig 4: Individual peak velocity data of every single subject for the punishment (A) and the reward group (B) for (Train 1 to 
Train 10). Most of the subjects exhibited a performance decrease from the tenth training session to the first session of the 
second day of the retention test (Train 10 to RT D2-1). Even though there was inter-individual variability between subjects 
this was similar in punished (C) and rewarded group (D).  
A                                                                             B 
C D 
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TMS data: Training induced changes in corticomotor excitability (Fig. 5) can be best understood in 
light of a significant Group x Time interaction F(4, 104) = 3.476, p < 0.05. While there was no 
significant group difference between the punished and rewarded group at baseline (p = 0.15), the 
punished group shows an increase of MEP amplitude from baseline to POST-1 which is then followed 
by a continuous increase until POST-3, followed by a small decrease at POST-4. Post-hoc test showed 
that the baseline differed significantly (p < 0.05) from POST-2, POST-3, and POST-4 measurements for 
the punishment group (Fig. 5A). By contrast, the rewarded group exhibited a slight decrease of 
corticomotor excitability from baseline to POST-1 which was then followed by an increase from 
POST-1 to POST-3 followed by a small decrease at POST-4. Post-hoc test showed no significant (p > 
0.05) difference from baseline to either Post measurement.  
Since the interaction effect was mainly driven by group differences in the baseline vs Post-1 
measurement we performed a more detailed analysis of these data points. We calculated the % 
change in MEP amplitude measured in Post-1 relative to Baseline (ΔMEP%) and individual subject 
data are shown in Figure 5B. Overall there was high variability across individuals (which is not 
unusual for TMS measurements) but the punished group exhibited an increase in corticomotor 
excitability (+ 42.9 % ± 77.6) while the rewarded group exhibited a decrease (- 22.8 % ± 45.4). Even 
though changes just failed to reach significance when compared to 0 (single sample t-test, 
punishement: t(13) = 2.07, p = 0.059; reward: t(13) = -1.87, p = 0.83) there was a significant group 
difference (paired t-test: t(26) = 2.74, p = 0.011) suggesting that motor training under either 
punished or rewarded conditions differentially influenced corticomotor excitability measured 
immediately after training.  The size of this effect was large (Cohen’s d = 1.037).  
The repeated measures Anova revealed also a significant Time main effect F(4, 104) = 4.7115, p < 


















Figure 5A: Peak-to-Peak MEP amplitudes performance improvement of TMS stimulation, baseline and Post-1 … Post-4, for 
rewarded (grey colour) and punished group (black colour). * indicates blocks where LSD post-hoc tests indicate significant 
differences (p<0.001). Data are shown as M ± SEM. 5B: Individual subject data. Percentage change in MEP amplitude 





In this study we tested the influence of monetary reward versus punishment on use-dependent 
plasticity evoked by repetitive motor practice. This paradigm has been shown to induce neuroplastic 
changes in M1 which most likely result from an LTP-like mechanism and typically cause an increase of 
corticomotor excitability as well as behavioural improvements. 
Our main results are that the reward and punishment group learned and retained the motor task 
equally well, based on the mean peak velocity as well as its standard deviation. Surprisingly, only the 
punishment group showed an increase of corticomotor excitability from baseline to Post 1 while the 
reward group exhibited a clear decrease.   
 
Lack of significant influence of reward versus punishment on motor learning or retention 
 
Previous studies showed that rewarding good performance is beneficial for the retention of different 
motor tasks, i.e. sequence learning (Wächter et al., 2009), visuo-motor tracking (Abe et al., 2011), 
and visuo-motor adaptation (Galea et al., 2015) when compared to a group of subjects that received 
monetary punishment or a control group that received motivationally neutral feedback. Even though 
our overall study design was highly similar to the previous work we could not reproduce this result 
(see highly similar PeakV for RT D1, RT D2 and RT D7 in figure 2).  
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Moreover, previous studies have shown that punishment might facilitate the learning process for 
error based learning paradigms, probably because exploring the movement parameter space is 
encouraged so that subjects find more quickly better task solutions when compared to rewarded 
learning or a control condition (Galea et al., 2015). Our learning data did not reproduce this effect: 
the punished group learned even slightly less than the rewarded group (see T1…T10 in figure 2) and 
also movement variability did not differ significantly between groups in the course of learning.   
 
Thus, in summary our study revealed no evidence suggesting that the behaviour in our task was 
differentially influenced by rewarding or punishing subjects during training. Even though speculative, 
it is possible that these differential results are caused by the specific motor task used here. We will 
elaborate on this argument in relation to three (not mutually exclusive) hypotheses on how reward 
versus punishment during training might influence motor learning and retention.  
First, punishment but not reward might motivate subjects to explore new movement solutions in 
order to improve task performance (Galea et al., 2015). However, use-dependent plasticity was 
triggered here by simply performing the same movement repeatedly (Classen et al., 1998; 
Rosenkranz et al., 2007). There is no error signal that can be used to improve performance and 
strategies which might facilitate learning are very limited (i.e. the only effective strategy is to fully 
extend the thumb thus allowing enough room for acceleration, but we instructed all subjects on this 
aspect prior to the experiment). Thus, the lack of a significant group difference in our study lends 
further support to the idea that punishment does only accelerate learning for error-related tasks.  
 
Second, reward but not punishment are believed to influence long-term retention and Abe et al., 
(2011) suggest that reward activates dopaminergic neurons that project to M1 where they influence 
dopamine-dependent LTP that develops gradually over hours and persists for days or even weeks 
(Abraham, 2003). This long-lasting LTP might be essential to form memories when a new skill is 
acquired (like riding a bicycle). By contrast, the training performed here might have activated short-
lasting plasticity which is quickly adapting and reflective of actual limb use. Therefore, it might act on 
a faster time scale consistent with the mechanism of early LTP (increasing excitability within 3h). 
Note, for example, that PeakV dropped markedly from the last training block (Figure 2, T10) to the 
retention test (RT D1) which were separated by approximately 30 min. In light of these findings, we 
tentatively suggest that our task might have activated long-lasting LTP to a much lesser degree than 
the tasks used in previous works.  
Third, the prospect of both earning monetary reward and avoiding monetary punishment might 
modulate physical effort, i.e. subjects try harder to move their thumb quickly and are more 




subjects would exhibit larger improvements than subjects that receive neutral motivation. The 
willingness to invest physical effort might not be of large importance for sequence learning, visuo-
motor skill learning or adaption (tasks that have been used in previous works). However, it might 
influence performance of our thumb flexion task. Unfortunately, our initial design did not include a 
control group that received no monetary incentives and future work might test whether both reward 
and punishment enhance learning relative to no monetary motivation. 
 
Changes of corticomotor excitability in response to motor training is differently modulated by 
reward and punishment 
 
Reward versus punishment during training had a differential effect on changes in corticomotor 
excitability when measured before and after motor practice (Figure 4). In the punished group, 
corticomotor excitability was significantly increased after training, an effect that has been frequently 
reported for this paradigm (Muellbacher et al., 2002; Rosenkranz & Rothwell, 2006). Surprisingly, no 
such increase of corticomotor excitability was observed for the rewarded group.  
This result was highly unexpected and without replication, it is not clear whether this effect is real or 
just a random result.  It is possible that unrelated factors which were not properly controlled in our 
experiment drove the group difference in corticomotor excitability. For example, our group showed 
recently (PhD thesis T. de Beukelaar) that the increase of corticospinal excitability in response to 
motor practice is strongly attenuated or even reversed to a decrease when subject spent an 
extended period without sleep. More specifically corticomotor excitability increased significantly less 
when subjects were tested in the evening than in the morning, or after a night of perturbed sleep. 
Nevertheless, behavioural differences were minor when compared to subjects that had sufficient 
sleep. In the present study we did not control this important factor and can therefore not exclude 
that the time of testing or the sleep pattern differed between the rewarded and the punished group. 
 
In summary, we showed that behavioural markers of use-dependent plasticity in response to 
repetitive training were not differentially modulated by monetary reward or punishment. This lack of 
an effect might result from the specific nature of the motor task used in the present study. 
Alternatively, it is possible that both monetary reward and punishment influenced motivation to a 
similar extent, an effect we could not detect because our study did not include a control group. 
Moreover, we found that motor training caused an increase of corticomotor excitability but only in 
the punished and not in the rewarded group, a finding that requires replication and more extensive 
experiments in the future.  
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Previous research suggests that anodal transcranial direct current stimulation (tDCS) over the 
primary motor cortex (M1) modulates NMDA receptor dependent processes that mediate synaptic 
plasticity. Here we test this proposal by applying anodal versus sham tDCS while subjects practiced to 
flex the thumb as fast as possible (ballistic movements). Repetitive practice of this task has been 
shown to result in performance improvements that reflect use-dependent plasticity resulting from 
NMDA receptor mediated, long-term potentiation (LTP)-like processes. Using a double-blind within-
subject cross-over design, subjects (n=14) participated either in an anodal or a sham tDCS session 
which were at least 3 months apart. Sham or anodal tDCS (1 mA) was applied for 20 min during 
motor practice and retention was tested 30 min, 24 hours and one week later. All subjects improved 
performance during each of the two sessions (p < 0.001) and learning gains were similar. Our main 
result is that long term retention performance (i.e. 1 week after practice) was significantly better 
when practice was performed with anodal tDCS than with sham tDCS (p < 0.001). This effect was 
large (Cohen’s d=1.01) and all but one subject followed the group trend. Our data strongly suggest 
that anodal tDCS facilitates long-term memory formation reflecting use-dependent plasticity. Our 
results support the notion that anodal tDCS facilitates synaptic plasticity mediated by an LTP-like 















Transcranial Direct Current Stimulation (tDCS) is a non-invasive and well-tolerated brain stimulation 
technique that can be applied to cortical areas [1]. tDCS modulates spontaneous neuronal network 
activity [2] by injecting a low amplitude direct current that passes between surface electrodes placed 
on the scalp. Anodal tDCS applied to the human primary motor cortex (M1) induces measurable 
changes in corticomotor excitability that last beyond the stimulation period, which is commonly 
referred to as an after-effect [3]. Numerous studies have shown that anodal tDCS over M1 combined 
with motor practice facilitates motor learning in healthy volunteers [4–16] even when applied during 
a single training session [17–19]. However, it is still not fully understood how tDCS after-effects might 
facilitate motor learning. 
 
It has been hypothesized that tDCS after-effects are synaptically driven, depend on the glutamatergic 
system and might be mediated by a long-term potentiation (LTP)-like mechanism. These suppositions 
are supported by work in both human and animal models. tDCS after-effects in human are abolished 
when NMDA receptors are blocked [11], while facilitating NMDA receptor activity prolongs the 
increase in excitability caused by anodal tDCS [20]. When applied to mouse M1 slices, anodal tDCS 
induces long-lasting synaptic potentiation that is NMDA receptor dependent [21]. Additionally, free 
GABA is reduced after anodal tDCS [12] and GABAergic inhibition is released [22–24]. The reduction 
of GABAergic inhibition is believed to have a “gating function” to increase (glutamatergic) plasticity 
[25]. These effects increase the probability of LTP occurring at those synapses that are activated by 
behavioural processes such as motor training. Furthermore, it has also been suggested that the 
plasticity enhancing effect of anodal tDCS is mediated by brain derived neurotrophic factor (BDNF) 
dependent mechanisms which are important for structural changes at the synaptic level that 
promote long term consolidation [21].  
 
While the cellular mechanisms of synaptic plasticity can be directly tested in animal models, in 
human they can only be indirectly inferred. One paradigm that has been shown to activate LTP-like 
mechanisms in human is the repeated practice of motor actions that induces neural changes known 
as use-dependent plasticity. For example, after several minutes of brisk thumb movements use-
dependent plasticity is clearly evident [26,27]. Such training is believed to strengthen existing neural 
connections and to facilitate the creation of new ones within M1 [28]. Moreover, pharmacological 
studies have shown that its expression depends on NMDA receptor activity [29] and that effects are 




In summary, previous research strongly suggests that anodal tDCS over M1 acts on cellular pathways 
that mediate use-dependent plasticity and should therefore facilitate learning. We tested this 
hypothesis by applying anodal tDCS during a single training session of a ballistic thumb movement 
task which was followed by several retention tests that were executed 30 min, 24 hours and one 
week after practice had finished.  
In accordance to previous work using this or similar motor tasks [27,30–33] we quantified use-
dependent plasticity by changes of movement kinematics (here thumb velocity). Our underlying 
theoretical model is that the brain optimizes its forward command resulting in a more efficient 
muscle activation pattern, thus agonistic muscles are activated in a more synchronized manner (e.g. 
by augmenting the descending drive) while antagonists are more effectively inhibited. This will result 
in higher velocities/acceleration of the movement particularly for simple tasks. This theoretical 
model is compatible with current views suggesting that M1 neurons represent primarily kinematics 
rather than kinetics [34] and that training improves central representations of these movement 
patterns [35].  
 
We used a double-blind within-subject cross-over design where subjects practiced ballistic thumb 
movements while either anodal tDCS or sham tDCS was applied during two separate sessions that 
were at least 3 months apart. The cross-over design was chosen to reduce the influence of inter-
individual differences in ability to undergo practice related neuroplastic changes, which can vary 








Eighteen young healthy volunteers were recruited for this study. Four subjects did drop out for 
personal reasons before performing the cross-over test and were excluded from all analyses. The 
remaining 14 subjects were between 18 – 29 years of age (mean age = 23 ± 7 years, 7 male). Ten 
subjects were right-handed (Edinburgh Handedness Inventory) [37]. None of the subjects had prior 
experience with the motor task and all were naïve to the purpose of the experiment. Subjects 
provided written informed consent prior to participation and were reimbursed. All experimental 
procedures were approved by the Ethics Committee for Biomedical Research at the KU Leuven 
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(ethics approval number: S52763) in accordance with the Code of Ethics of the World Medical 
Association (Declaration of Helsinki) [38].  
 
 
Motor task  
 
Subjects were seated in a comfortable chair and had to perform discrete ballistic thumb flexion 
movements with their non-dominant hand (Fig.1A). The forearm was fixed to a wooden construction 
and the four fingers were immobilized by a velcro strap while the thumb was unconstrained and 
could move freely. A Polhemus Fastrak sensor (sampling rate of 120 Hz, spatial resolution of 0.0006 
cm) was fixed on the nail of the thumb to measure 3D kinematics and provide online feedback. This 
sensor location was used because previous research has shown that it is highly reproducible between 




2) / (ti-ti-1) where X, Y and Z represent displacement in three dimensions, t the time and i 
the index of the current data point. For each movement the velocity profile was displayed on a 
computer screen in front of the subject to provide performance feedback. The maximum velocity 
was also displayed for each trial and continuously updated providing subjects with an indication of 





Transcranial direct current stimulation (tDCS) was delivered by a battery driven constant current 
stimulator (HDC stim part of HDC kit, Medical device CE 0068, Newronika s.r.l. Milan – Italy) which 
was connected to two rubber electrodes enclosed in saline soaked sponges (Fig. 1B). The anode (5 x 
5 cm) was located over the hand area of the M1, which was localized with transcranial magnetic 
stimulation (TMS). The general TMS procedure was nearly identical to that described in Alaerts et al., 
[39]. In short, electromyograms (EMG, Mespec 8000, Mega Electronics Ltd., Kuopio, Finland) were 
recorded with disposable Ag-AgCl surface electrodes (Blue Sensor SP, Denmark) from the abductor 
pollicis brevis (APB). Focal TMS was performed with a 70mm figure of eight magnetic coil connected 
to a Magstim 200 stimulator (Magstim, Whitland, Dyfed UK). The coil was positioned tangential to 
the scalp of the non-dominant hemisphere with the handle pointing backward at an angle of 45º 
away from the mid sagittal line. TMS was used to determine the so-called motor “hotspot”, i.e. the 
position where the largest and most consistent MEPs were obtained in the APB. The APB hotspot was 




average hotspot position was 5.2 ± 0.8 cm lateral to the midline and 0.9 ± 1.1 cm anterior to the 
intraural line. The cathode (11 x 9 cm) was located on the ipsilateral shoulder (extracephalic 
placement). We did not test TMS in 4 subjects because of technical problems (malfunctioning and 
repair of stimulator) and we placed the electrode 5 cm laterally from the cortex and 1 cm anterior to 
the intraaural line. 
In the anodal tDCS condition the current was ramped up to 1.0 mA over 12 s and then applied at this 
intensity continuously for 20 min. In the sham tDCS condition the same ramp up procedure was 






Fig. 1: Experimental Setup. A) Subjects performed discrete ballistic thumb flexion movements with the forearm and fingers 
fixated. B) Constant current stimulation was delivered with the anode (red) placed over the M1 contralateral to the moving 
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Overall design  
 
We employed a cross-over design with all subjects participating in anodal tDCS and sham tDCS 
sessions (order counterbalanced across subjects) which were at least 12 weeks apart (Fig.1C). Both 
subjects and the experimenter were blinded as to which stimulation was applied. 
At the beginning of each session there was a short demonstration by the experimenter that was 
followed by 5 warm-up trials. Ten practice blocks were then executed (train 1…train 10) each 
consisting of 20 flexion movements (1 trial every 3 s). One practice block lasted 1 min in total and 
was followed by a 1 min break to prevent fatigue. The total training session lasted 20 min 
(corresponding to 200 flexion movements) and during this time either anodal tDCS or sham tDCS was 
administered. After training the tDCS electrodes were removed and subjects rested for 30 min. A 
retention test (RT-D1) was then performed consisting of 1 block of 20 flexion movements. Additional 
retention tests were performed the following day (RT-D2) and one week (RT-D7) later, each 
consisting of 3 blocks of 20 flexion movements (S1 File).   
At the end of the experiment subjects were debriefed. None reported suffering serious headaches, 
nausea or pain. Even though some subjects reported an initial tingling sensation they perceived no 
difference between the two sessions, which was likely due to the fact that sessions were at least 3 





Since a cross-over design was used, i.e. subjects had to come in the lab twice to perform the motor 
training task, we first examined the influence of session-effects on performance improvement. Peak 
velocities were averaged within each block. All blocks were normally distributed (Shapiro-Wilk test, p 
> 0.055) and the assumption of sphericity was met (Mauchly’s test of sphericity). We tested for 
potential session-effects by entering these data into an analysis of variance for repeated 
measurements (repeated measures ANOVA) with the within-subjects factors session (1, 2) and block 
(train1…train10).    
Next we tested the effect of anodal versus sham tDCS on use-dependent plasticity. For each session 
performance was normalized to the first training block (performance improvement1…10 (%) = ((peak 
velocity1…10 / train1) * 100) (S1 File). Data were normally distributed, except for one block (p = 0.042 
for train 5 of the anodal tDCS session), and the assumption of sphericity was met. The % performance 
improvement data were entered into a repeated measures ANOVA with the within-subjects factors 




1… RT-D7-3), and the between-subjects factor order (anodal-sham, sham-anodal). The alpha level 
was α = 0.05 and Fischer’s LSD post-hoc tests were used to analyse significant interaction effects.  
Finally, for significant stimulation x block interaction effects Cohen’s d (effect size for dependent 
measurements) was calculated. Further details are described in the results section. All results in the 
text are reported as mean (M) and standard deviation (STD). Error bars in the figures display the 





Training resulted in a reliable increase in thumb flexion peak velocity which was observed for each 
session (Fig. 2; main effect of block F(16, 208) = 19.20, p < 0.0001; note that for each session data 
was collapsed across anodal tDCS and sham tDCS conditions). Not surprisingly, overall peak velocities 
were significantly higher in the second than the first session (main effect of session: F(1, 12) = 11.30, 
p < 0.005). Importantly, the learning gains (indicating that use-dependent plasticity took place) were 
similar across sessions (session x block interaction: F(16, 208) = 0.81, p = 0.675), i.e. we found no 
statistical evidence indicating that subjects learned more in the first than the second session (or vice 
versa).  
 
                    
 
Fig. 2: Order effects. Peak velocity data of the practice blocks (train1...10) performed in session 1 (black squares) and 
session 2 (grey circles). Note that when data are collapsed across anodal tDCS and sham tDCS conditions peak velocity was 
generally higher in the second session, but the extent of improvement over the course of learning was similar. Data are 
shown as M ± SEM. 
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Next we investigated whether training with anodal tDCS influenced performance gains or retention 
differently than training with sham tDCS. Performance improvements relative to the first practice 
block (train1) are shown in Fig. 3. Learning occurred in both sessions (main effect of block: F(15,180) 
= 12.89, p < 0.0001) and differences in learning gains during training (solid symbols) were minor 
when compared between anodal tDCS and sham tDCS sessions (main effect of stimulation: F(1, 12) = 
1.598, p = 0.230). However, during the retention tests (performed without stimulation), performance 
in the two sessions started to differ. RT performance following training with anodal tDCS was better 
than RT performance following training with sham tDCS, an effect that reached significance at RT-D7 
(block x stimulation interaction: F(15, 180) = 3.21, p < 0.001).  
We further investigated whether the effect of anodal tDCS during training on retention performance 
one week later (RT-D7) was consistent across individuals. Performance savings/gains for the anodal 
tDCS (Δanodal) and sham tDCS (Δsham) sessions were calculated at the single subject level by 
subtracting the average % performance improvement at the end of training (i.e. the average of 
practice blocks train8…train10) from the average % performance improvement at RT-D7 (i.e. the 
average of RT-D7-1...3). Fig. 4 shows that all but one participant had larger savings/gains when they 
trained with anodal tDCS than when they trained with sham tDCS. Note, however, that there were 
large individual differences whether participants exhibited performance gains (i.e. better 
performance at RT-D7 than at train8…train10) or losses (i.e. worse performance at RT-D7 than at 
train8…train10). Effect size was calculated by dividing the mean of individual differences between 
gains/losses of the anodal tDCS versus sham tDCS session by the standard deviation, i.e. 
   
            
 
with i indexing all individual subjects,  yielding a Cohen’s d of 1.01, i.e. anodal tDCS had a large effect 













         
Fig. 3: Stimulation effects. Performance improvements relative to the first training block for the anodal tDCS session (black 
squares) and the sham tDCS session (grey triangles). Training was performed while stimulation was applied (filled symbols), 
while retention tests at day 1 (RT-D1-1), day 2 (RT-D2-1…RT-D2-3) and 7 (RT-D7-1...RT-D7-3) were performed without 
stimulation (open symbols). * indicates blocks where LSD post hoc tests indicate significant differences of anodal tDCS 
versus sham stimulation (p < 0.001). Data are shown as M ± SEM. 
 
 
There was also a significant stimulation x order interaction effect (F(1,12) = 7.44, p = 0.018) that is the 
result of subjects in the anodal-sham group exhibiting larger overall performance improvements in 
the first than in the second session, while subjects in the sham-anodal group improved more in the 
second than in the first session (Fig. 5). This confirms that differences in performance improvement 
















             
 
Fig. 4: Individual subject data. Individual subject data showing gains/savings measured during the retention test at day 7 
compared to performance at the end of training (i.e. average performance at RT-D7-1...3 minus average performance at 
train8...10). Individuals exhibiting the same trend as the group average are shown in black. Only one subject (grey) 




            
 
Fig. 5: Significant session x order interaction. Individuals in the anodal – sham group (black, n=7) exhibited larger 
performance improvements in the first than in the second session. By contrast, individuals in the sham – anodal group 




support to the observation that practice with anodal tDCS (solid bars) facilitated learning in comparison to sham tDCS 





In the present study we induced use-dependent plasticity through repetitive motor practice and used 
this phenomenon as a model to study the influence of anodal versus sham tDCS on LTP-like synaptic 
plasticity in human M1. Our main result is that retention performance was significantly better when 
anodal tDCS was applied during training when compared to training with sham tDCS. Significance was 
only reached when retention was tested one week after training, however, the size of this effect was 
large (Cohen’s d = 1.01) and consistent across subjects (13 out of 14 subjects followed the trend at 
the group level). 
 
Our finding that anodal tDCS facilitated motor memory formation, but that its beneficial effect was 
mainly expressed in a retention test, is in line with previous work [9,18,40–46]. In particular Reis at 
al., [41] observed that when tDCS was applied to M1 during visuomotor adaptation, performance 
benefits were only found 3 h after the end of training. Similar to the present study they also found 
that no additional performance gains were observed when retention was tested after a single night 
of sleep, suggesting that the beneficial effect of anodal tDCS on memory consolidation is not sleep 
dependent. Moreover, Reis et al., [41] reported that beneficial effects were not found when 
stimulation was applied after practice, suggesting that the simultaneous application of anodal tDCS 
and practice triggers subsequent processes important for motor memory formation. Our study 
confirms and extends this research by demonstrating that anodal tDCS modulates the long-term 
effects of use-dependent plasticity, a phenomenon that is believed to be mediated by strengthening 
synapses via a LTP-like process [26,27,29].  
One has to note, however, that polarity specific effects of tDCS on neuroplasticity might differ across 
brain areas. For example, Peters et al., [47]  demonstrated that applying anodal tDCS over the 
primary visual cortex during perceptual learning blocks rather than facilitates memory consolidation. 
Thus, the plasticity enhancing effect of anodal tDCS reported here might be specific to the motor 
cortex.   
In our study it is surprising that the strongest effects were found when retention was tested one 
week after training. Note that the D2 retention test consisted of 3 practice blocks which resulted in 
highly significant performance improvements regardless of whether initial training was performed 
with anodal or sham tDCS (separate repeated measures ANOVA with the factor block (D2-RT1...3: 
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F(2,11) ≥ 13.82, p ≤ 0.001). In other words, D2 was not only a retention test but also a second training 
session. A clear dissociation in performance between anodal and sham tDCS training only occurred 
after the D2 practice blocks were finished and retention was tested again at D7. More specifically, 
following the anodal tDCS session the performance level reached at the end of D2 was largely 
maintained when long term retention was tested at D7, while it was nearly completely forgotten 
when initial training occurred with sham tDCS. This pattern of results suggests that combining anodal 
tDCS with training during D1 might have upregulated plasticity mediating mechanisms for 
approximately 24 hours, which in turn led to subsequent practice at D2 resulting in better long term 
memory formation. Indirect support for this proposal comes from Monte-Silva et al., [48] who 
showed that when anodal tDCS was applied at rest (i.e. during two 13 min sessions separated by 3 or 
20 min), corticomotor excitability in M1 remained elevated for more than 24 hours after stimulation. 
Thus, in principle, tDCS effects can outlast stimulation by more than 24 hours, however, future 
research is required to confirm whether a similar principle is also applicable when anodal tDCS is 
combined with motor training because the interaction between plasticity inducing brain stimulation 
and training is complex, non-additive [49] and might be influenced by homeostatic principles [50]. 
In the present study we used a within subject cross-over design which is advantageous because it 
controls for inter-individual variability in ability to improve performance due to practice, which can 
be large [36] and might mask the modulatory effects of tDCS. Additionally, this design can be used to 
quantify the effect of anodal tDCS on memory formation at the level of the individual. Interestingly, 
in our study all but one subject had better retention performance in the anodal tDCS session than in 
the sham tDCS session, and the effect was large (Cohen’s d = 1.01) indicating that our sample 
responded very consistently to the experimental manipulation. 
 
Our study also has several limitations. First, based on previous work one would expect that the effect 
of tDCS on motor memory formation might be more reliably measured when it accumulates over 
multiple sessions [40,41,51,52]. We used a single practice session that was followed by several 
retention tests because we were concerned that too much training would lead to highly automatized 
performance during the first session, which would lead to either no or significantly less learning gains 
during the second session. With our rather short practice period we were indeed able to show that 
performance was generally better in the second than in the first session, but that learning gains were 
comparable and did not differ significantly. Second, we used a relatively simple motor task that 
might, in theory, cause ceiling effects in the response to anodal tDCS [53,54]. It is possible that the 
tDCS effect size is even bigger for more complex skills. Finally, we did not stimulate a control region, 





In summary our data strongly suggest that anodal tDCS facilitates long term memory formation 
reflecting use-dependent plasticity in the motor cortex. We used this task because previous research 
has convincingly demonstrated that performance changes reflect synaptic plasticity mediated by an 
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Previous research in stroke patients and stroke animal models has suggested that tDCS might be a 
suitable tool to promote functional recovery early after stroke. tDCS can augment synaptic plasticity 
in vitro and in vivo with effects being larger when it is applied together with synaptic activity (which 
might result from motor training) leading to enhanced LTP-like plasticity. However, it is currently 
unclear whether tDCS early after stroke is truly beneficial for functional recovery in humans and 
which mechanisms might rive this effect. This gap in knowledge results partly from the lack of animal 
models that are translatable to clinical applications. Here we applied anodal versus sham tDCS over 
ipsilesional primary cortex (M1) in a rat stroke model while animals were trained on the pasta matrix 
reaching task. We induced photothrombotic stroke in M1 after 10 days of grasping training. Starting 
from the 4th day post-infarct the animals were trained for 10 more days while anodal tDCS (15.9 A/m2 
current density) or sham tDCS was concurrently applied for 30 min per day. Rats with large bilateral 
lesions did hardly grasp after surgery. After removing these rats from the analysis, the anodal tDCS 
group recovered grasping function significantly better (p < 0.001) compared to sham tDCS group. Our 
main finding is that applying tDCS to the ipsilesional cortex during 30 min of motor training in a rat 
stroke model is feasible. Moreover, combining motor training with anodal tDCS might benefit 






















Stroke is the most common cause for acquired adult disability in developing countries. Immediately 
after the event, patients commonly suffer from severe to moderate motor impairment of the lower 
and upper limbs. Fortunately, most patients undergo some form of “functional recovery”, and goal 
directed behaviour is often at least partly restored. Note however that functional recovery, 
particularly of the upper limb, is rarely complete and approximately 80% of stroke patients suffer 
from permanent arm paresis that can vary from a mild impairment to being highly disabling 
(Kolominsky-Rabas et al., 2001).  
During the last years, research in animal models has shown that functional recovery results either 
from true recovery/repair of neurons located in the peri-infarct zone or from reorganization which 
often happens at the system’s level to compensate for lost function (Murphy & Corbett, 2009). Both 
processes depend on the brain’s ability to undergo neuroplastic changes including synaptic 
strengthening and activity-dependent rewiring of neurons. Growing evidence from animal models 
suggests that there is a sensitive period of enhanced post-ischemic plasticity early after the incident 
caused by a net increase in the expression of growth promoting versus growth inhibiting genes 
within stroke affected circuits, thus providing a supportive milieu for neuroplastic changes to occur 
(Murphy & Corbett, 2009). Rehabilitation training positively interacts with this plasticity enhancing 
environment (Zeiler and Krakauer, 2012) and even though it is unclear when the post-ischemic 
sensitive period starts or how long it lasts there is evidence that early rehabilitation training 
(commencing 5-14 days after the insult in rats) results in more efficient recovery than training 
starting later after the insult (e.g. commencing 30 days post-stroke) (Biernaskie et al., 2004).  
One important question is whether functional recovery early after stroke can be further augmented 
by new interventions, one of them being transcranial Direct Current Stimulation (tDCS). tDCS is a 
well-tolerated technique that has been applied for many years in human volunteers. The basic 
mechanism is that tDCS causes subthreshold modulation of neuronal membrane potentials, which 
alters cortical activity depending on the current flow direction through the tissue (Nitsche & Paulus, 
2000). When anodal tDCS is applied to human motor cortex (M1) at rest it increases corticomotor 
excitability with after-effects outlasting the stimulation period (typically 13-30 min) by up to 120 
minutes (Nitsche & Paulus, 2001). Furthermore, parallel experiments in animal models and humans 
have shown that anodal tDCS can augment synaptic plasticity in vitro and in vivo. One important 
finding is that effects are largest when tDCS is applied together with synaptic activation (caused 
either by voluntary motor activity or, when tested in vitro, by plasticity inducing stimulation 




the underlying mechanism is not completely understood, it has been suggested that tDCS facilitates 
activity-dependent BDNF secretion (Fritsch et al., 2011). 
Anodal tDCS applied to the ipsilesional cortex during training has demonstrated potential to 
modulate neuroplasticity and motor learning with the upper limb in chronic stroke patients (Fregni et 
al., 2005; Hummel & Cohen, 2006; Hummel et al., 2005; Lefebvre et al., 2012). By contrast, much less 
is known about its efficacy when applied during the (sub)acute phase of stroke recovery, i.e. early 
after the incident. The few studies that investigated the application of tDCS in (sub)acute stroke 
patients revealed mixed effects on functional recovery of the arm or hand when applying anodal 
tDCS to ipsilesional M1. Rossi et al, (2013) found no effect on recovery when tDCS was applied while 
acute stroke patients were at rest. Others applied tDCS together with different forms of 
rehabilitation training in subacute patients (Hesse et al., 2007; Kim et al., 2009) but reported no 
significant effect on functional outcomes, whereas Sattler et al., (2015) combined anodal tDCS over 
the ipsilesional motor cortex with repetitive peripheral nerve stimulation during the first 4 weeks 
post stroke and reported positive effects on functional recovery. These studies show that it is 
principally feasible to apply anodal tDCS in (sub)acute stroke patients but it is not clear whether 
anodal tDCS in combination with motor training is an appropriate tool to facilitate early functional 
recovery of the upper limb.  
Currently, the design of appropriate clinical trials in humans is hampered because more mechanistic 
insights into cellular and molecular mechanisms through which tDCS might facilitate post stroke 
recovery are lacking.  Animal models of stroke could fill this gap of knowledge and previous studies 
have tested the effect of tDCS in rodent models (Table 1) to investigate either the protective effect of 
cathodal tDCS applied to the ipsilesional hemisphere within the first minutes to hours after stroke, 
i.e. during the acute phase (Notturno et al., 2014; Peruzzotti-Jametti et al., 2013) or they investigated 
the plasticity-enhancing influence of anodal tDCS applied to the ipsilesional hemisphere for several 
days during the subacute phase (at least 1 day after the incident) (Jiang et al., 2012; Kim et al., 2010; 
Yoon et al., 2012).  
However, studies investigating the plasticity-enhancing effect of ipsilesional anodal tDCS used poorly-
translatable stimulation protocols because tDCS was applied while rats were anesthetized (Kim et al., 
2010; Yoon et al., 2012) or at least at rest (Jiang et al., 2012). Note however, that from the methods 
description in Jiang et al., (2012) it is not clear whether they applied a constant current or changed 
between stimulation and no stimulation every 100 ms. The reported effects of anodal tDCS on motor 
recovery are inconsistent across studies. Yoon et al., (2012) showed that 5 days of tDCS versus sham 
stimulation facilitated recovery of gross motor function as measured by the beam balance test and 
the motor behavioural index with rats that started receiving stimulation 1 week post stroke faring 
better than those that started receiving stimulation 1 day post stroke (Yoon et al., 2012). Jiang et al., 
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(2012) report a potential trend for better recovery in the tDCS compared to the sham group when 
tDCS is applied for 7 days or longer. However, in this study performance was measured only at one 
single time point, making their data difficult to interpret because the experimentally induced stroke 
can affect function in a highly variable manner. Kim at al., (2010) found no significant effect of anodal 
tDCS on motor function when applied early after stroke, however they used an unusually large 
stimulation electrode for rats (1 cm diameter). Additionally, all three previous studies report some 
beneficial effects of tDCS on neural parameters. Kim et al., (2010) reported that anodal tDCS had no 
effect on infarct size, but white matter axons were better preserved in rats that received anodal 
tDCS. Yoon et al., (2012) showed that anodal tDCS starting 1 week post stroke promotes Gap-43 
expression in intact cortex. Gap-43 has been shown to play an important role in axonal growth and 
the formation of new connections (Benowitz & Routtenberg, 1997). Finally, Jiang et al., (2012) 
reported an increase in dendritic spine density in the anodal tDCS group, suggesting that tDCS might 
play a role in promoting neural plasticity.  
In summary, previous studies have tested the effects of applying anodal or cathodal tDCS during the 
acute phase of the stroke, i.e. a few minutes or hours after infarction (Notturno et al., 2014; 
Peruzzotti-Jametti et al., 2013) or during the subacute phase, i.e. up to 2 weeks after the induction of 
experimental stroke. The latter studies could provide a model for applying tDCS during stroke 
rehabilitation in humans, however, they have a major limitation that tDCS was applied at rest or 
under anaesthesia (Jiang et al., 2012; Kim et al., 2010; Yoon et al., 2012) and, therefore, these studies 
do not provide insights as to whether anodal tDCS would boost neuroplastic changes triggered by 
rehabilitation training. 
The purpose of the present study was to develop an animal model of stroke rehabilitation that better 
mimics tDCS applications in humans using a bedside-to-bench approach. Establishing such an animal 
model would open new opportunities to answer practical questions, for example, to determine a 
dose-response relationship for applying tDCS in stroke, as well as to gain more mechanistic insights 
into how tDCS affects recovery which, in turn, might be used to optimize tDCS treatment in humans.   
For these reasons, we aimed to develop an animal model where the effect of anodal tDCS over 
ipsilesional M1 is tested while animals perform goal-directed upper limb training which mimics 
rehabilitation training in patients. Therefore, rats were trained on the pasta matrix reaching task, a 
sensitive behavioural assay that allows the manipulation of limb use in order to mimic human clinical 
phenomenon (Kerr & Tennant, 2014). After 10 days of training on the pasta matrix reaching task we 
induced a photothrombotic stroke in the primary motor cortex contralateral to the preferred 
reaching and grasping limb. The photothrombotic stroke model in rat uses local intravascular photo-
oxidation to generate a highly circumscribed ischemic cortical lesion (Watson et al, 1985). Several 




photosensitive dye (Rose Bengal) is an effective and minimally invasive method of simulating human 
stroke conditions (Dietrich et al, 1986; Labat-gest & Tomasi, 2013; Moon et al., 2009; Pevsner et al., 
2001; Schmidt et al., 2012; Watson et al., 1985). Rats were then trained on the pasta matrix reaching 
task for 10 days post stroke (starting at day 4 after the infarct) with the concurrent application of 
either anodal tDCS or sham tDCS. In this randomized, double blind sham controlled study we 
hypothesized that animals receiving anodal tDCS improve more in reaching and grasping 
performance than those that receive sham tDCS. 
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MCAO = Middle Cerebral Artery Occlusion; pMCAO = proximal Middle Cerebral Artery Occlusion; PhT = PhotoThrombotic; BWT = Beam Walking Test; BB = Beam balance; MBI = Motor 





Table 1: Summary of studies, including the experiment reported here, which have tested   the effects of tDCS on recovery in 
rodent models of stroke.  
 
 
MATERIALS AND METHODS 
 
Subjects   
 
The experiment was performed on 28 male Sprague – Dawley rats (Harlan Laboratories B.V., The 
Netherlands) with a mean body weight of 280 ± 15 g at the start of the experiment. They arrived two 
weeks prior to testing in order to familiarize with the new environment. The animals were kept in 
Individually Ventilated Cages (IVC) standard single cages under laboratory conditions of 14 h light / 
10 h dark (lights on at 7:00 A.M. and off at 9:00 P.M.). The room temperature was kept constant at 
22 °C. The animals were on a daily food restriction schedule (a mix of standard chow and Capellini 
pasta of ± 10 g per day) that reduced their body weight to 90% in order to keep rats motivated to 
reach for food. Water was provided ad libitum. The experiment was performed during the day in the 
light phase. This research project and the experimental protocol were approved by the KU Leuven 
ethics committee for laboratory experimentation (project number: P104/2013), and was in 
accordance with the Belgian and European laws, guidelines and policies for animal experimentation, 
housing and care (Belgian Royal Decree of 29 May 2013 and European Directive 2010/63/EU on the 
protection of animals use for scientific purposes of 20 October 2010). 
Of the 28 rats that started the experiment, five did not show sufficient improvement in grasping 
performance during pre-tDCS training (i.e. performance did not reach a plateau), two died during 
surgery and four had an abnormal lesion size or location. Of these four rats with abnormal lesions, 
two rats were excluded right after the extraction of the brain because in one rat the lesion was 
visibly too small and in the other rat the lesion was far away from the target area, i.e. primary motor 
cortex area. Two more rats (rat 9 and rat 14, table 2) were excluded after the histology was 
performed because the lesion size (lateral-medial diameter x dorsal caudal diameter) of the damaged 
hemisphere (i.e. ipsilesional) deviated from the group mean by more than 1.5 standard deviations 
(average lesion size was 2.6 mm in lateral-medial axis and 1.4 mm along in dorsal-caudal axis). Table 
2 shows the lesion size of every animal including the two animals (indicated in bold) that were 
excluded based on their lesion size derived from histology. The total number of animals included in 
the final set of analyses was n = 17 of which 9 rats had a histological examination (see further details 
below).  
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 Damaged (ipsilesional) hemisphere             Other (contralesional) hemisphere 
Rat Lateral-medial (mm) Dorsal-caudal (mm) Lateral-medial  (mm) Dorsal-caudal  (mm) 
Rat 1 3.1468 1.0499 2.2708 1.0903 
Rat 3 2.2074 0.9386   
Rat 6 3.0633 1.8077 2.8444 1.4442 
Rat 8 2.4872 1.4949 0.5177 0.3109 
Rat 9 3.5614 2.0921 0.8494 0.3038 
Rat 10 2.4132 0.9256 0.8353 0.4959 
Rat 11 2.5134 1.5797   
Rat 13 3.0269 1.7935 1.982 1.1138 
Rat 14 1.5719 0.689   
Rat 15 2.9534 1.9746   
Rat 16 3.1264 1.8491 1.1278 0.623 
 
Table 2: Lesion size, showed in mm, of each animal (n = 11) in the target (damaged) hemisphere and the non-target (other) 
hemisphere. Rat 9 and Rat 14 (printed in bold) where excluded because the lesion size in the damaged (i.e. ipsilesional) 
hemisphere differed from the group mean by more than 1.5 standard deviations.  
 
 
Motor task: pasta matrix reaching and grasping task 
 
The test apparatus for the pasta matrix motor task was similar to that used previously (Ballermann et 
al., 2001; Ballermann et al., 2000). The task allows for quantitative (number of successful reaches/ 
transports) assessment of behavioural performance and provides a sensitive measure of both motor 
impairment and improvement after stroke. During testing a single rat was placed into a transparent 
plastic box (35 cm long x 35 cm high x 14 cm wide). A 1 cm wide slot was located at the front of the 
box through which the animal could reach and grasp the pasta. Adjacent to the slot was a matrix 6 
cm wide, 4 cm high and 12 cm wide. The matrix contained an array of holes (12 rows deep by 20 
rows wide). Holes had a diameter of 2 mm and centre-to-centre distance of 4 mm. The pasta pieces 
(Capellini pasta, approximately 1.3 mm in diameter) were inserted vertically into the holes of the 
matrix and extended by 2.5 cm. During habituation both sides of matrix were filled (240 pieces of 
pasta, Fig 1) so that animals could grasp with either limb. The limb that was used most frequently for 
grasping during the habituation phase was defined as the preferred limb. During pre-surgery and 
post-surgery training only one side of the matrix was filled enforcing grasping with the preferred limb 
only. For example, when only the left side of the matrix was filled, the animal was forced to use the 




resolution 1080p) was used to record each behavioural session for offline analyses (see data analysis 
for the measures used to assess performance). 
 
 
        
  
 
Figure 1: Experimental procedures. A: Pasta matrix reaching task device (schematic overview). The matrix is filled with 240 
pieces of pasta (habituation phase) or 120 pieces of pasta (pre and post-surgery training). Photothrombotic stroke was 
induced and the tube was mounted over M1. Rats had three days of recovery before starting the behavioural training while 
50 µA for 30 min was delivered over M1. B: The animal is able to grasp (2) and break (3) the pasta but could not transport it 
through the gap into the testing box. This attempt was scored as successful grasp (Gs) C: The animal is able to grasp (2), 
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Photothrombotic stroke and epicranial tube placement 
 
Each animal was anesthetized via intraperitoneal administration of an anaesthetic mixture of 0.6 mL 
Ketamine (Nimatek) + 0.4 mL Medetomidine (Narcostart) + 1 mL sodium chloride (NaCl) 150 µl / 100 
g body weight. The depth of anaesthesia was verified by foot pinches. An adequately anesthetised 
rat should not give a foot response such as flexion or withdrawal. Using an electric razor the scalp 
and thigh of the rat were shaved. The animal was fixed in a stereotactic frame which allowed us to 
define the coordinates of the motor cortex in relation to bregma. Body temperature was maintained 
constant during the whole surgical procedure at 37°C using a thermostatically controlled heating pad. 
The scalp was longitudinally incised for 2.5 cm and retracted to expose the skull. The periosteum was 
gently removed until coronal and sagittal sutures were visible. Cotton swabs were used to clean the 
skull. The femoral vein was exposed and cannulated with a catheter 24G x ¾” (0.7 x 19 mm) and Rose 
Bengal was injected at 22 ml/min (Braun, Melsungen, Germany). We induced photothrombotic 
stroke via a cold light source with an aperture of 8 mm diameter (150 W, KL 1500 LCD, 3000K – 
Olympus Company) stereotactically positioned onto the skull after skin incision. The coordinates 
were: 1.5 mm anterior to bregma and 2.5 mm lateral to midline. In order to trigger a photochemical 
reaction in the system we administered Rose Bengal (1.3 ml/kg) intravenously via the femoral vein 
through the previously inserted catheter, 2 minutes before illumination. Rose Bengal leads to local 
blood clotting when activated by light. The light locally produces single oxygen (free radicals) when 
reacting with Rose Bengal, which in turn peroxidizes lipid molecules in the vascular endothelium, 
causing platelets and erythrocytes to aggregate and thus leading to an occlusion of small vessels 
(Dietrich et al., 1986; Watson et al., 1985). For each rat, stroke was induced in the hemisphere 
contralateral to the preferred limb. After induction of the lesion, we attached a tube (outer diameter 
3.86 mm, inner diameter 2 mm, custom made) onto the skull (1.5 mm anterior to bregma and 2.5 
mm lateral from midline) for providing tDCS during post-surgery training. To firmly attach the tube 
we fixed metal screws (Fine Science Tools, item-no 19010-00) to the skull in close proximity of the 
tube and sealed the surrounding skull, screws and tube with dental cement (Tetric Evo Flow, Ivoclar 
Vivadent AG, Schaan, Liechtenstein). The aim of applying dental cement was to hold the tube in 
place. The scalp and thigh wound were stitched and a pain killer (0.2 mL of Metacam + 0.8 mL of 
NaCl) 100 µl/100 gr body weight was injected subcutaneously. After the surgical procedures, the rats 
were returned to their home cage and placed over a heating pad. The body temperature was 
controlled and kept constant at 37 °C for the first night post-surgery. Three days of recovery 






Transcranial Direct Current Stimulation (tDCS) setup 
 
A constant current stimulator (A-M systems, Inc. isolated Pulse Stimulator Model 2100 WA 98324, 
U.S.A.) was used to deliver tDCS over the ipsilesional hemisphere during the post-surgery motor 
training. tDCS was applied by inserting the anode (round, 2 mm diameter copper alloy electrode, 
custom made) into the tube fixed to the skull and using NaCl solution as the conductive medium 
(Liebetanz et al., 2006). The reference electrode (cathode) was a large (2.5 cm x 2.5 cm) conductive 
carbon rubber electrode (Enraf Nonius B.V Delft, The Nederlands) that was placed onto the ventral 
thorax of the unrestrained animal using a rat jacket (Rat jacket med 62-0058, Harvard Apparatus, 
France). In accordance with previous research (Liebetanz et al., 2006; Rueger et al., 2012; Wachter et 
al., 2011), a constant current of 0.05 mA (corresponding to a current density of 15.9 A/m2) was 
delivered through the anodal electrode for 30 min duration in each training session. Stimulation at 
this intensity and duration does not cause discomfort, pain or damage to neural tissue (Liebetanz et 
al., 2009) while it was shown to effectively modulate brain activity (Jiang et al., 2012; Kim et al., 
2010; Notturno et al., 2014; Yoon et al., 2012). At the start of the training session, anodal tDCS was 
applied by manually ramping up current intensity over 5 s to achieve conditions similar to human 
tDCS application. Once the intensity reached 0.05 mA it was kept constant for 30 min. We 
continuously monitored the device to ensure that stimulation was being applied. After 30 min it was 
manually ramped down over the same time period. For sham tDCS, montage of the electrode as well 
as the procedure of ramping the current up and down were identical but no current was delivered 
through the electrodes. 
 
 
Experimental protocol  
 
Our overall experimental protocol consisted of (I) habituation, (II) pre-surgery training, (III) surgery 
(inducing photothrombotic stroke and mounting the tube for tDCS delivery), (IV) recovery, and (V) 
post-surgery training (Fig 1).  
Habituation was performed over 7 consecutive days. During habituation the animals were first 
familiarised with the apparatus and learned to grasp pieces of pasta for 30 min each day. In order to 
obtain reliable data during testing, reducing stress is fundamental (Schallert et al., 2000). At the start 
of habituation the animals could use both limbs to reach to either the left or right side of the pasta 
matrix. They did not wear the jacket and no electrode cables or other equipment was present in the 
box. Two days after they started grasping they were habituated to wearing the jacket. When the 
animals were familiarised with the jacket and reached and grasped for pasta for two days, they were 
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habituated to wearing the jacket with the reference electrode inserted and wired to a swivel at the 
top of the cage. Video analysis was performed to check which limb was most frequently used to 
grasp the pieces of pasta to determine the preferred limb for each rat individually.  
Pre-surgery training was performed for 10 consecutive days. Training started every day at the same 
time and in the same room, with the light and room temperature constant for the duration of the 
experiment. Animals were forced to use their preferred limb by filling only one half of the pasta 
matrix (i.e. opposite to the preferred limb). Pilot research in our lab indicated that a healthy and 
hungry rat tends to grasp all possible reachable pieces of pasta within 10 minutes. We provided the 
rats with 15 min, i.e. enough time to grasp as much pasta as possible. After 15 minutes, the matrix 
was refilled and rats had another 15 minutes to grasp as much as possible. In total, 30 minutes of 
grasping training was performed each day.  After 10 days of pre-surgery training, the surgery was 
performed and the hemisphere controlling the preferred limb was lesioned as described above. 
After surgery, all rats were given 3 days to recover. Therefore, the animals were returned to their 
home cage and checked daily for infections. Animals were given ad libitum access to food on the day 
immediately following surgery. Starting from the second day post-surgery the amount of food was 
again decreased in order to keep the animals at a body weight similar to pre-surgery. There was no 
significant difference between pre and post-surgery F(9, 270) = 1.27, p > 0.05 body weight. No 
infection or anomalies were encountered.  
Post-surgery training was performed for 10 consecutive days. Rats were randomly assigned to either 
the anodal tDCS or sham tDCS group with the experimenter being blinded to the stimulation 
condition during post-training and video scoring. Similar to pre-surgery training, post-surgery training 
was performed once per day for 30 min (2 x 15 min). Animals were again forced to use their paretic 




 Histology  
 
At the completion of the experiment the animals were euthanized with an overdose of sodium 
pentobarbital (3 ml Nembutal, Ceva Sante Animale, Brussels, Belgium) 1 ml/100 g body weight. They 
were then intracardially perfused with sucrose (100 gr sucrose in 1000 ml of distilled H2O) followed 
by 4% paraformaldehyde (Acros Organics, Geel, Belgium). Brains were carefully removed and kept in 
4% paraformaldehyde solution for 4-5 days, then put through a dehydrating series of graded 
concentrations of alcohol, and finally embedded in paraffin. A microtome device (Microm cool-cut 




deparaffinised in xylol, followed by rehydratation in a graded alcohol series in distilled water. 
Deparaffinised sections were Nissl-stained in a filtered 1% cresyl-violet acetate solution (Sigma C-
5042, 10 g dissolved in 1 L of distilled H2O), dehydrated in a graded alcohol series, cleared with 
xylene and cover-slipped with DePex, to determine the layers of the rat neocortex and the size and 
position of the cortical lesions (Fig 2). Hereto, the stained coronal sections were analysed and imaged 
under a microscope (Zeiss Axio imager Z1) equipped with an AxioCam MRm camera, using the 
software program Zen Pro 2012 (Carl Zeiss, Benelux). Each section/picture was compared with a 
stereotactic rat brain atlas (Paxinos & Watson, 2007), to record the exact position of the lesion along 
the anterior-posterior and medio-lateral axis of the brain. Digital images of sections were also 
analysed using Image J (www.imagej.nih.gov) to quantify lesion size. Length, width and depth were 
measured and the overall lesion volume within each hemisphere was approximated by a half 
ellipsoid (4/3*pi*length*depth*width)/2. The experimenter remained blinded during lesion 
quantification. 
Unfortunately 8 brains were not useable for histology due to a technical problem during slicing. We 





Figure 2: Histology of the photothrombotic stroke lesion. Deparaffinised sections were Nissl-stained in a filtered 1% cresyl 
violet. 10 µm-thick coronal sections were made for each rat brain. A – Unilateral lesion corresponds at bregma 3 mm. B – 
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Data analyses  
 
Offline analyses were performed based on the videos recorded during the pre–surgery and post–
surgery training sessions. The experimenter scoring the videos was blind as to whether rats received 
anodal tDCS or sham tDCS. We determined the following parameters: 
 
1. Number of successful grasps (Gs): the animals were able to grasp and break the pasta, however, 
they could not transport it through the gap into the testing box (Fig 1B). 
 
2. Number of successful grasp and transports (G&Ts): the animals were able to grasp, break and 
transport the pasta into the testing box (Fig 1C). 
 
3. Grasps with non-paretic limb (Ghealthy): even though the pasta was positioned so that it was ideally 





We first analysed performance (Gs and G&Ts) over the course of pre-surgery training to determine 
whether the sham tDCS and the anodal tDCS groups exhibited similar learning curves. All variables 
were subjected to repeated analysis of variance (ANOVA) with the factors Time (pre1-pre10) and 
Group (anodal tDCS vs sham tDCS).  
Next we tested whether grasping performance was impaired by the experimental lesion. Since there 
was large session-to-session variability in the grasping parameters of the pre-surgery training and to 
be consistent with the approach we used to calculate maximal training gains (see below), we 
estimated grasping proficiency via the maximum performance score reached prior to the surgery 
(maxPRE). A Time x Group repeated measures ANOVA and appropriate post-hoc tests were 
calculated to compare maxPRE versus post-4 performance (first day of post-surgery training) for both 
groups.  
Recovery was quantified relative to pre-surgery performance by normalizing all post-surgery 
performance data to maxPRE: Gs posti = Gs posti/ Gs maxPRE; G&Ts posti = G&Ts posti/ G&Ts maxPRE 
with i ε [4..13]. Normalized successful grasp and successful grasp & transport data were subjected to 





We also estimated maximal training gains during the post-surgery phase by determining the 
minimum performance during post4-post8 and the maximum performance during post9-post13, as 
well as % recovery = max (post9-post13) / max (pre1-pre10)*100. Note that % recovery < 100 
indicates that the rats could not fully restore pre-surgery performance despite the post-surgery 
training, whereas % recovery > 100 indicates that rats performed better at the end of the post-
surgery training than pre-surgery. Pearson’s r correlation was used to analyse whether there was a 
relationship between the lesion volume and the % recovery. 
 
All results in the text are reported as mean (M) and standard deviation (STD). Error bars in the figure 
display the standard error of the mean (SEM). The criterion for statistical significance was set to p < 
0.05 and Tukey’s post-hoc test was used to further analyse significant interaction effects. The 
Shapiro-Wilk test was used to confirm normality of the data and Mauchley’s test confirmed that 






Anodal tDCS and sham tDCS groups improved Gs and G&Ts performance over the course of pre-
surgery training (main effect of Time Gs: F(9, 135) = 6.7, p < 0.001 and G&Ts: F(9, 126) = 4.2, p < 0.001. 
Learning gains were not significantly different between the anodal tDCS and the sham tDCS groups 
Group x Time interaction Gs: F(9, 135) = 1.750, p = 0.083 and G&Ts: F(9, 126) = 1.853, p = 0.064.  
Neither maximum pre-surgery performance nor performance on the fourth day post-surgery (post-4) 
differed significantly between the anodal tDCS and sham tDCS groups (p = 0.45; Table 3) and both 
groups exhibited a highly similar loss of function after surgery as indicated by main effect of Time Gs: 
F(10, 150) = 10.410, p < 0.001 and G&Ts: F(10, 140) = 8.366, p < 0.001 (for both Gs and G&Ts only a 
non-significant Group x Time interaction was found Gs: F(10, 150) = 1.467, p = 0.15 and G&Ts: F(10, 
140) = 1.51, p = 0.13. These results indicate that both groups performed similarly during the pre-
surgery training and that upper limb function was similarly impaired immediately after the 
experimentally induced stroke (Fig 3A & 3B). 




Figure 3: Pre-surgery and post-4 performance for Gs (A) and G&Ts (B), real tDCS group (dark grey squares) and the sham 
tDCS group (light grey circles). Data are shown as M ± SEM.   
  
Next we analysed upper limb recovery during the post-surgery training. Post-stroke, both groups 
displayed a reduction in motor performance relative to the pre-stroke baseline. Normalized Gs values 
(Fig. 4A) showed a performance drop of approximately 60 % after the experimentally induced stroke 
which was followed by steady recovery of function as indicated by a significant main effect of Time 
F(9, 135) = 7.18, p < 0.001. Recovery did not differ between the anodal tDCS and sham tDCS groups, 
main effect of Group F(1, 15) = 0.044, p = 0.83 and the Group x Time interaction did not reach 
significance F(9, 135) = 1.62, p = 0.113.  For G&Ts there was a main effect of Time F(9, 135) = 5.10, p < 
0.001 as well as a significant Time x Group interaction F(9, 135) = 2.02, p = 0.040 (Fig. 4B). However, 
post-hoc tests revealed no group differences at any of the 10 post-surgery training days. The main 
effect of Group did not reach significance F(1, 15) = 0.038, p = 0.84. 
Next we focussed on Gs performance and inspected recovery gains for the individual rats in form of 
the minimum Gs observed during the first half of post-surgery training and the maximum Gs observed 
during the second half, respectively. As can be seen in Figure 4C, there were 3 rats in the anodal tDCS 
group that hardly performed any grasping movement post-surgery: rat 1 and 2 did not grasp at all 
and rat 3 had a maximum of 4 grasps. We then evaluated whether this poor post-surgery function 
might result from variations in lesion size and/or gross lesion location. Figure 4D shows the % 
recovery of Gs as a function of lesion size in the ipsilesional hemisphere (upper panel) and in the 
contralesional hemisphere (lower panel). Note that lesion size and location data were only available 
for 9 rats due to a technical malfunction. It can be seen that the lesion volume of the ipsilesional 
hemisphere does not predict poor recovery in either group which was further confirmed by a non-
significant correlation between lesion size and % recovery (Pearson’s r = -0.55; p = 0.124, calculated 




poor grasp performance: all rats that recovered only 12 % or less of their previous function had large 
and above-average contralesional damage, while all other rats that recovered at least 50 % or more 
of Gs function had only minor damage in the contralesional hemisphere. Accordingly a correlation 
revealed a Pearson’s r = -0.838; p = 0.005. Equivalent results are obtained when G&Ts is used as a 
performance indicator (ipsilesional hemisphere: Pearson’s r = -0.426; p = 0.25, and contralesional 
hemisphere: Pearson’s r = -0.78; p = 0.013, calculated across all animals).  
 
  
Figure 4: Performance during post-stroke recovery. Changes in Gs (A) and G&Ts (B) relative to pre-stroke baseline. Data are 
shown over the time course of 10 days, i.e. from day 4 - day 13 post-stroke for the anodal tDCS group (dark grey squares) 
and the sham tDCS group (light grey circles). C) Individual data of post-stroke recovery shown as the minimum and 
maximum of Gs (see methods for detailed definition) for both groups. The data show an improvement of grasping 
performance in all rats except for 3 rats in the anodal tDCS group which hardly grasp post-stroke (indicated by numbers 1, 
2, 3).  
D) Relationship between % recovery and lesion size. Data are shown for 6 rats of the anodal tDCS group (dark grey) and for 
3 rats of the sham tDCS group (light grey). The upper panel shows the relationship between % recovery and lesion size in 
the ipsilesional hemisphere. Note that %recovery larger than 100 indicates that grasping performance at post-10 was better 
than during the pre-training, i.e. indicating full recovery. The vertical dotted line represents the mean lesion volume across 
all rats with valid histological data. The lower panel shows the same relationship considering the lesion volume within the 
contralesional hemisphere. Note that lesion size in the ipsilesional hemisphere does not predict poor recovery in any of the 
groups whereas large contralesional damage, i.e. rats with lesions that extend across hemispheres do simply not grasp 
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during the post-lesion period. Three rats (dark grey) have a large bilateral lesion. Only one of them recovers slightly (12%, 
rat 3) and the other two rats do not recover at all. Data in A and B are shown as M ± SE.  
 
 
However, due to technical problems we lack the histological examination of 8 rats. Although, we 
cannot firmly rule out the possibility that also some of these rats had damage in the contralesional 
hemisphere all of them grasped during the post-recovery phase. With this limitation in mind, we 
performed a hypothesis-generating analysis after we removed the three non-grasping rats from the 
data set of the anodal tDCS group. Again, each parameter was analysed separately. Firstly we 
investigated the post-surgery Gs of the anodal tDCS and sham tDCS groups (Fig 5 and table 4). Post-
stroke, both groups displayed a reduction in motor performance relative to the pre-stroke baseline 
(table 3). Normalized values in figure 5A showed a performance drop of approximately 60 % after the 
experimentally induced stroke which was followed by a steady recovery in forelimb function as 
indicated by a significant main effect of Time F(9, 108) = 9.69, p < 0.001. Recovery differed between 
the anodal tDCS and sham tDCS group as indicated by a significant Group x Time interaction F(9, 108) 
= 2.53, p = 0.011. The anodal tDCS group starts to differentiate from the sham tDCS group from the 
10th day post-surgery (Post 10) as indicated by post-hoc tests. During the first 5 days of post-stroke 
training there was no significant difference between anodal and sham tDCS groups F(4, 48) = 1.27, p 
> 0.05. The same pattern of results was observed for G&Ts, a steady recovery in forelimb function 
was noticed as shown by a significant Time effect F(9, 108) = 6.26, p < 0.001. Recovery differed 
between anodal tDCS and sham tDCS as indicated by a significant Group x Time interaction F(9, 108) 
= 2.56, p = 0.010 (Fig. 5B). 
Even though, a drop in performance of all rats was clearly evident after inducing the experimental 
stroke, the data show that the animals in the anodal tDCS group recovered quite well reaching 
almost their pre-surgery level (Fig 5A&B) while the sham tDCS rats remained clearly below.  
Accordingly, average % recovery values were > 100% in the anodal tDCS group (G&Ts: 121 ± 37 %; Gs: 
113 ± 17 %) and < 100 % in the sham tDCS group (G&Ts: 86 ± 22 %; Gs: 79 ± 19 %) and effect size 
estimations suggest that anodal tDCS had a large treatment effect (Cohen’s d G&Ts: 1.14; Gs: 1.89).  
The occurrence of Ghealthy was generally low during the recovery period since the rats did not grasp 
with the non-affected limb (except for two rats, one grasping once and the other grasping 4 times 











Figure 5: Performance during post-stroke recovery when only grasping rats are considered. Same conventions as in figure 3 
A, B., real tDCS group (dark grey squares) and the sham tDCS group (light grey circles). * indicates where post hoc tests 






The present study tested the feasibility of applying anodal tDCS together with recovery training of 
reaching and grasping performance in rats following the induction of photothrombotic stroke in 
primary motor cortex. Our main finding is that the application of 0.05 mA of anodal tDCS to the 
ipsilesional cortex during 30 min of motor training led to significantly improved recovery when 
compared to the sham tDCS group. However, it is important to note that the beneficial effect of 
anodal tDCS only reached significance when we excluded 3 rats from the anodal tDCS group that had 
large bilateral lesions and performed hardly any grasping movements in the post-period.  
To the best of our knowledge, our results are the first combining tDCS with rehabilitation training in a 
stroke animal model. Our study was designed to mimic human stroke rehabilitation as closely as 
possible and our data show that it is feasible to apply tDCS while rats are involved in rehabilitation 
training. Rather than focusing on general aspects of motor coordination that are more typically 
investigated in rodent studies, we used the pasta matrix reaching task. This task allowed us to 
determine the effectiveness of anodal tDCS during the training and recovery of reaching and 
grasping, movements that are often affected by stroke in human and form a crucial part of the 
rehabilitation process. Given that the sham tDCS group also recovered limb use to some extent, our 
results highlight the benefits of frequent and targeted rehabilitation training. This type of practice 
has been shown to trigger use-dependent plasticity resulting from LTP in primary motor cortex when 
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healthy rats are tested (Rioult-Pedotti et al., 2000; Rioult-Pedotti et al., 1998). Our data suggest that 
anodal tDCS might be useful as an adjuvant therapy to boost the benefit of post-stroke rehabilitation 
training. However, it is important to keep in mind that significant differences between the anodal 
tDCS and sham tDCS group were only observed after 3 non-grasping rats were removed from the 
anodal tDCS group. This is generally in line with the available data in healthy human volunteers 
showing that tDCS is only efficient in facilitating behavioural markers of learning when it is combined 
with executing a motor task (Antal et al., 2004; Reis et al., 2013; Saucedo Marquez et al., 2013; 
Tanaka et al., 2009). Moreover our results suggests that functional recovery might not be solely 
achieved within the ispilesional hemisphere but might additionally rely on midline areas (including 
cingulate cortex) and  on contralesional sensorimotor cortex (Lindau et al., 2014). Interhemispheric 
exchange during recovery from stroke has been reported in human patients (Carter et al., 2010) as 
well as in animal models (Greifzu et al., 2011; Mohajerani et al., 2011) so that the contralesional 
hemisphere is strongly activated when the paretic limb is moved. However, this strong contralesional 
activity is usually strongest early after the insult and is gradually reduced when forelimb function is 
recovered. Accordingly, one hallmark of successful recovery from human stroke is that the 
ipsilesional hemisphere regains control over the paretic limb (for a review see Grefkes & Ward, 
(2013)). This might explain why we found virtually no recovery when the stroke affected a substantial 
part of sensorimotor areas in both hemispheres. Note however, that bilateral cortical lesions 
spanning both sensorimotor cortices are rarely seen in human stroke survivors.  
 
 In summary, our study shows that applying tDCS in rats during motor training is feasible and when 
lesions are restricted to one hemisphere such that rats can actually perform the grasping training, 
anodal tDCS over M1 might facilitate functional recovery. In fact, animals in the anodal tDCS group 
reached and sometimes even exceeded pre-surgery grasping proficiency. Even though complete 
recovery is not uncommon in rat models of stroke (particularly when the lesion is relatively small as 
in our case) anodal tDCS boosted recovery as a function of time and the size of this effect was large 
in our study. However, future studies using an improved design are necessary to corroborate our 
results. In addition to task selection, maximising the relevance of work conducted in animal models 
to human stroke rehabilitation also requires the consideration of other aspects of the experimental 
design. In particular, anodal tDCS current density is an important parameter that is likely to influence 
the effectiveness of non-invasive brain stimulation. In human tDCS studies, current densities typically 
range from 0.28 – 0.80 A/m2 (Brunoni et al., 2012). Although we used a significantly higher current 
density (15.9 A/m2), it is low compared to stimulation parameters typically used in rodent studies 
(see also Table 1) with the exception of  Kim et al., 2010  who used unusually large electrodes (10 




rodents attempt to use current densities that are comparable to those tolerated in human subjects. 
With regard to the application of tDCS itself, in animals electrodes are placed directly over the skull 
reducing tissue shunting and current dispersion (Miranda et al., 2009; Sadleir et al., 2010). While 
tDCS in human can presently not overcome this limitation when applied transcranially and in a 
minimally invasive way, it is an important consideration when comparing the effectiveness of tDCS 
between human and animal models. 
Another parameter that determines the effectiveness of post stroke training and tDCS application is 
onset time. While it is more difficult to match rehabilitation onset time in animal and human work 
due to developmental and lifespan differences, it has clearly been an important factor in determining 
the effectiveness of post stroke rehabilitation in animal models. Yoon et al., (2012) reported that the 
application of tDCS in rats was more effective when started either 7 or 11 days post stroke compared 
to 1 day post stoke, suggesting that anodal tDCS has no benefit when applied very early after the 
insult.  However, it is also critical not to start rehabilitation protocols too late because early 
interventions in general have a more beneficial effect on long-term behavioural outcomes (Adkins & 
Jones, 2005; Biernaskie et al., 2004; Farrell et al., 2001). Biernaskie et al., (2004) reported that 
initiating rehabilitation in animals at 5 days-post stroke induces significantly greater functional 
recovery and enhanced structural plasticity compared to initiating rehabilitation at 30 days post 
stroke. Although there is still no consensus on the optimal time window to begin rehabilitation, it is 
known that an injured brain is susceptible to stimulation in the subacute phase (Kim et al., 2009). 
Almost all recovery occurs in the first month after stroke in rodents (Biernaskie et al., 2004; Murphy 
& Corbett, 2009) and in the first three months in humans (Krakauer et al., 2012; Prabhakaran et al., 
2015). In the present study we started the concurrent application of tDCS with training 4 days after 
stroke onset. Although we only observed a significant difference between anodal and sham tDCS 
groups after 6 training-sessions (i.e. at day 9 post-stroke), it remains possible that anodal tDCS 
applied during the first 5 sessions of training contributed to this effect. While it is not possible to 
determine whether or not this was the case with the current design, further work is required to 
determine the optimal onset for post stroke training and tDCS application. Finally, the present study 
has some important limitations. First, the sample size was greatly reduced due to the exclusion of 
animals for various reasons and we were not able to perform histology on all rats reported here. 
Although animal models offer the potential for a more homogeneous population than can usually be 
tested in humans, there was some degree of inter-individual variation in the location and size of 
lesion resulting from the photothrombotic stroke. In this regard, we note that this is the first 
experiment of its kind conducted in our lab. Future studies would certainly benefit from MRI 
examinations performed after the experimental stroke has been applied but before animals are 
assigned to different training groups in order to better match lesion characteristics across groups. 
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Unfortunately, practical constraints prevented to replace rats that had to be excluded from analysis. 
However, a post-hoc power calculation based on the % recovery of the successful grasping actions 
revealed a power = 0.92, indicating that the final sample size of our study was appropriate to detect 
statistically significant effects.  
Our work departed from the premise that tDCS is most efficient when combined with rehabilitation 
training. In order to support this view experimentally, future studies should include control groups 
that do not engage in specific rehabilitation training but receive either anodal tDCS or sham tDCS 
during rest to test whether the simultaneous application of tDCS and training produces effects over 
and above those found for each intervention alone. Another important limitation is the age of the 
rats used in the study. Animals arrived in the lab at approximately 6 – 7 weeks of age, which is 
relatively young. It is likely that tDCS effects are not the same in young and old subjects (Yoon et al., 
2012), and also that recovery from injury might differ, for example, due to reduced neuroplasticity in 
the elderly (Datta et al., 2012; Song et al, 2011). Furthermore, given that the majority of stroke 
patients are elderly, older animals should be used in future studies to improve the relevance of the 
results. Although animal studies testing rehabilitation interventions should try to optimise their 
design for maximum transfer to the human clinical setting, it is important to keep in mind that animal 
models do not completely duplicate the complexity of stroke in human (Kleim et al, 2007). 
 
In conclusion, we showed that the application of anodal tDCS during post stroke training on a 
reaching and grasping task in rats is feasible and that it was beneficial to upper limb recovery when 
compared to a sham tDCS group. We propose that it is essential to apply anodal tDCS over primary 
motor cortex together with recovery training, however, in order to substantiate this argument one 
needs a control group where the effect of anodal tDCS versus sham tDCS is tested without 
concurrent motor practice. The daily application of anodal tDCS to the ipsilesional cortex from day 4-
day 13 post-stroke resulted in a significant improvement in the number of successful reaches and 
grasps when compared to sham stimulation. Our results add to the growing body of evidence 
suggesting that tDCS is a promising adjuvant therapy to facilitate motor recovery following stroke.  
More importantly, the availability of an animal model that can be used to closely mimic recovery 
training in healthy humans opens new avenues for gaining more mechanistic understanding of the 
underlying principles. This will be important to improve tDCS stimulation protocols in order to 



















32 ± 9.27 35 ± 8.74 0.45 24 ± 9.20 25 ± 5.75 0.75 
Post 4-
stroke 
12 ± 10.95 11 ± 6.18 0.90 
 
8 ± 8.09 6 ± 5.55 0.68 
 
Table 3: Performance pre-surgery (maxPRE) and performance at post-4 (i.e. the first training after the experimental lesion) 
when all rats (n=17) are included in the analysis. P-values were derived from independent t-tests comparing the anodal 
tDCS and the sham tDCS group. Data are shown as M ± STD. 
 
 








Pre-stroke 32 ± 11.20 35 ± 8.74 0.64 25 ± 11.12 25 ± 5.75 0.88 
Post 4-
stroke 
15 ± 10.87 11 ± 6.18 0.41 10 ± 8.17 6 ± 5.55 0.28 
 
Table 4: Performance pre-surgery (maxPRE) and performance at post-4 (i.e. the first training after the experimental lesion) 
when only rats (n=14) with mainly unilateral lesions were included. P-values were derived from independent t-tests 
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The aim of this chapter is to provide a general discussion of all studies included in this project. First, 
we will briefly summarize the main findings of the different experiments. We will then discuss which 
of the methods used in this specific PhD project are promising tools for facilitating neuroplasticity. 
Finally, we will provide suggestions for future research directions.   
 
 
Overview of results 
 
Chapter 2: The influence of reward and punishment on use-dependent plasticity 
Research question: Does training under rewarded versus punished conditions influence use-
dependent plasticity? 
 
Methods: Ballistic thumb movements (thumb flexion) were performed as fast as possible. Peak 
movement velocity was estimated to quantify motor learning at the behavioural level. Transcranial 
Magnetic Stimulation was used to determine changes in corticomotor excitability of the thumb flexor 
in response to practice.   
 
Results: Behavioural data indicate that the reward and punishment groups learned and retained the 
motor task equally well. Only the punishment group showed an increase in corticomotor excitability 
from baseline to post training while the reward group exhibited even a slight, initial decrease.   
 
Conclusion: Behavioural markers of use-dependent plasticity were not differentially modulated by 
monetary reward or punishment which might result from the nature of the task. Surprisingly, training 
under rewarded but not under punished conditions prevented the increase of corticomotor 
excitability which is typically observed in this task. This finding was highly unexpected and requires 












Chapter 3: Anodal tDCS over the primary motor cortex facilitates long-term memory formation 
reflecting use-dependent plasticity  
 
Research question: Does anodal tDCS over the primary motor cortex improve consolidation of motor 
memories which are formed as the result of repetitive practice.  
 
Methods: Using a double-blind cross-over design, anodal tDCS (1mA) or sham tDCS was applied for 
20 min over primary motor cortex (M1) while subjects practiced to flex their thumb as fast as 
possible.  
 
Results: Retention performance was significantly better when anodal tDCS was applied during 
training than when sham tDCS was applied during training. However, significance was only reached 
when retention was tested one week later. 
 
Conclusion: Anodal tDCS facilitates long-term memory formation in motor cortex reflecting use-
dependent plasticity but only when tested during retention 1 day and 1 week later. Our data 
suggests that a single training session with tDCS makes M1 more sensitive to undergo neuroplastic 
changes during subsequent training.   
 
Chapter 4: The effect of tDCS on motor recovery in an animal model of stroke  
 
Research question: Does anodal tDCS over ipsilesional M1 improve the recovery of reaching and 
grasping performance after a photothrombotic stroke in rats? 
 
Methods: Anodal tDCS of 0.05 mA was applied for 30 min to the ipsilesional M1 while animals were 
trained on a pasta matrix reaching task for 10 days after the surgery, inducing photothrombotic 
stroke. A control group underwent the identical protocol but received sham tDCS.   
 
Results: The application of anodal tDCS led to significantly improved recovery when compared to the 
sham tDCS group. However, the beneficial effects of anodal tDCS only reached statistical significance 
when we excluded rats that practiced the grasping task only occasionally because of large bilateral 
lesions. 
 
Conclusion: We showed that the application of anodal tDCS during post-stroke training on a reaching 




In the first chapters of this thesis we tested the effect of two potential neuromodulators, i.e. 
reward/punishment and anodal tDCS over M1, while healthy volunteers repetitively practiced a 
simple movement. This paradigm serves as a model of use-dependent plasticity (Classen et al., 1998; 
Rosenkranz et al., 2007) a phenomenon that drives neuroplastic changes for every form of motor 
learning requiring repetitive practice (Krakauer & Mazzoni, 2011). In particular, use-dependent 
plasticity might be an essential element of rehabilitation training, which is based on a high number of 
repetitions (Buma et al., 2013). Using this model we demonstrated in chapter 2 that use-dependent 
plasticity in response to motor training is only minimally modulated by practice under rewarded 
versus punished conditions while we found a clear effect of anodal tDCS applied over M1 on long-
term memory formation (chapter 3). Based on these results, we opted to investigate the effects of 
anodal tDCS in a rat model (chapter 4) and tested its efficiency during upper limb recovery early after 
a photothrombotic stroke. Since previous studies tested the effect of anodal tDCS on recovery after 
stroke only while rats were anesthetized we aimed to develop an animal model for applying anodal 
tDCS during motor training, i.e. similar to its application in human stroke survivors. The rehabilitation 
training consisted of a repetitive reaching and grasping task, a paradigm that has been used 
previously to demonstrate use-dependent plasticity in rodents (Rioult-Pedotti et al., 2000; Rioult-
Pedotti et al., 1998). Our main result was that rats receiving anodal tDCS performed better during 
training compared to rats receiving sham tDCS. However, significance was only reached when the 
analysis was restricted to rats that actively performed the training.  
 
 
Modulation of neuroplasticity: Reward and punishment  
 
Previous work has shown that reward and punishment are important motivators for human and 
animal behaviour (Daw et al., 2002). More recent studies have further demonstrated that positive 
and negative feedback have dissociable effects on motor adaptation (Galea et al., 2015), procedural 
motor learning (Wächter et al., 2009) and motor skill learning (Abe et al., 2011). This work has shown 
that rewarding good performance is beneficial for the retention of different motor tasks when 
compared to a punishment or a control group. Here we tested very similar reward/punishment 
schemes while we induced use-dependent plasticity through repetitive motor practice. Even though 
our study design was similar to the previous work we could not reproduce the results, as can be seen 
from highly similar PeakV for the retention tests. Our data revealed no evidence suggesting that the 
behavioural practice in our task was differentially influenced by rewarding or punishing subjects 
during training. We hypothesized that these different results are caused by the specific motor task 




healthy subjects thus we cannot exclude that training under rewarded and/or punished conditions 
might induce a measurable effect when performed over multiple sessions. It is also possible that the 
induced effects might be larger in a patient population. Finally, we cannot rule out that both 
conditions, i.e. monetary reward and punishment facilitated learning relative to a control condition.   
 
Nevertheless, our first experimental study revealed no evidence that monetary reward facilitates 
motor learning. Thus even though the retention of motor memory depends on M1 (Hadipour-
Niktarash et al., 2007), and dopaminergic inputs to M1 have been shown to be crucial for use-
dependent plasticity in motor cortex (Hosp & Luft, 2013) the attempt to activate this pathway via our 
behavioural manipulation was unsuccessful. It is possible, however, that direct pharmacological 
interventions are better suited to facilitate motor learning and recovery by activating the 
dopaminergic system and respective clinical trials are currently underway (Bhakta et al., 2014).  
 
Transcranial Direct Current Stimulation in healthy volunteers  
 
Neuroplasticity can be modulated by non-invasive brain stimulation techniques such as transcranial 
Direct Current Stimulation (tDCS). Numerous studies have tested the effects of tDCS on healthy 
young volunteers, demonstrating that anodal tDCS over primary motor cortex (M1) combined with 
motor practice facilitates motor learning (Boggio et al., 2006; Orban de Xivry & Shadmehr, 2014). Its 
beneficial effects have also been demonstrated when applied during a single training session (Kantak 
et al., 2012; Tecchio et al., 2010). The results of our study (chapter 3) are in line with the findings in 
the literature.  
Previous research strongly suggests that anodal tDCS over M1 acts on cellular pathways that mediate 
use-dependent plasticity and should therefore facilitate learning. In our study we tested this 
hypothesis by applying anodal tDCS during a single training session of ballistic thumb movement task 
which was followed by several retention tests that were executed 30 min, 24 hours and one week 
after practice had finished. We quantified use-dependent plasticity by changes of movement 
kinematics (thumb velocity).  
Training resulted in a reliable increase in thumb flexion peak velocity and next we investigated 
whether training with anodal tDCS influenced performance gains or retention differently than 
training with sham tDCS. Our main result is that retention performance was significantly better when 
anodal tDCS was applied during training when compared to training with sham tDCS. Here we could 
speculate that subjects who received anodal tDCS underwent an accelerated learning process. Since 
learning curves are generally exponential, accelerated learning is indicated by larger gains in the first 




exhibited moderate gains during the first training. However, when they returned for the second 
session a few months later there was still enough room for improvement when training was 
executed with anodal tDCS.  However, it is important to note that the differential effect of anodal 
versus sham tDCS was not observable during training but only at the retention tests executed at the 
next day or one week after training. Statistical significance was only reached when retention was 
tested one week after training, however, the size of this effect was large (Cohen’s d = 1.01) and 
consistent across subjects.  
Our finding that anodal tDCS facilitated motor memory formation, but that its beneficial effect was 
mainly expressed in a retention test, is in line with previous work. In particular Reis et al., (2013) 
observed that when tDCS was applied to M1 during visuo-motor adaptation, performance benefits 
were only found 3 h after the end of training. Similar to the present study they also found that no 
additional performance gains were observed when retention was tested after a single night of sleep, 
suggesting that the beneficial effect of anodal tDCS on memory consolidation is not sleep dependent.  
Moreover, our results are in line with previous work (Reis et al., 2013; Saucedo Marquez et al., 2013), 
in particular Reis et al., (2013) reported that beneficial effects were not found when stimulation was 
applied after practice, suggesting that the simultaneous application of anodal tDCS and practice 
triggers subsequent processes important for motor memory formation. Our study confirms and 
extends this research by demonstrating that anodal tDCS modulates the long-term effects of use-
dependent plasticity, a phenomenon that is believed to be mediated by strengthening synapses via 
LTP-like process (Bütefisch et al., 2000; Classen et al., 1998; Rosenkranz et al., 2007).  
In line with these findings is also the  study of Stagg et al., (2011) showing that the application of 
anodal tDCS during an explicit sequence-learning task was associated with faster learning. By 
contrast, the application of tDCS prior to task performance led to slower learning. These results 
confirm the idea that tDCS applied concurrently with motor learning is more efficient than applying it 
prior to the behavioural task. We used a double-blind within-subject cross-over design to reduce the 
influence of inter-individual differences, which can vary substantially and might result from the 
genetic background of the individual (Missitzi et al., 2013), since individual genotype might influence 
the effect of tDCS. For example, brain-derived neurotrophic factor (BDNF) appears to influence the 
response to tDCS in healthy participants (Teo et al., 2014) and animals (Fritsch et al., 2011).   
 Also, inter-individual differences in cranial and brain anatomy can influence the impact of tDCS 
differing substantially across subjects (Datta et al., 2012; Li et al., 2015). While topographical 
organization of primary motor cortex is relatively consistent across humans (Nudo, 2013), variability 
exists in the flow of current through the cortex. This variability exists even when the same 
stimulation intensity is administered across subjects. Anatomical factors do not always have the 




thickness. A recent study has demonstrated that a higher proportion of highly conducting spongy 
bone in thicker skull areas results in a more complex relationship between skull thickness and current 
density than previously thought (Opitz et al., 2015). Another important factor to be taken into 
consideration is electrode montage. The most common electrode montage is placing the anodal 
electrode with its centre radially over M1 (or the area of interest) and the cathode electrode above 
eyebrow. However, this montage is not individualized and not very specific (Miranda et al., 2006). In 
our study we placed the anode over the M1 and the cathode was located over on the ipsilateral 
shoulder (extracephalic placement).  
 
Nevertheless with some exceptions, tDCS has been shown to be a valuable technique for improving 
motor learning in healthy participants and even more so in patients with brain injuries such as stroke. 
One also has to note that we used a very simple model of motor learning (ballistic thumb 
movements). However, positive effects of anodal tDCS have also been demonstrated when gross 
motor skills including leg movements were trained (see for example Picelli et al., (2015); Tanaka et 
al., (2009)).  
This makes anodal tDCS a promising, potential tool for modulating neural recovery after stroke. 
Until now, however, only few studies have applied tDCS in subacute stroke patients and revealed 
mixed results (Hesse et al., 2007; Kim et al, 2009; Rossi et al., 2013; Sattler et al., 2015). One reason 
for being reluctant with applying tDCS early after the insult is that the  underlying mechanisms are 
not yet clear, so that it cannot be excluded that anodal tDCS might even be harmful for the damaged 
tissue.  
In vitro and in vivo animal models have been proven useful for exploring the electrophysiological 
properties of tDCS (Fritsch et al., 2011) because they allow more in-depth investigation of the cellular 
and histological modifications induced by tDCS. However, to be truly informative it is important that 
the animal model mimics current applications in humans as closely as possible.  
 
 
Transcranial Direct Current Stimulation in a photothrombotic stroke animal model 
 
The most important goal of stroke treatment is the restoration of function in stroke patients. 
Rodents serve as a model of stroke to identify behavioural deficits and therapeutic treatments which 
are essential for potential translational applications. Rodent models have provided valuable insight 
and understanding of the biological basis and functional outcome of stroke. Animal models have 




peri-infarct zone or from reorganization that often happens at the systems level to compensate for 
lost function (Murphy & Corbett, 2009).  
 
The purpose of our study, in chapter 4, was to develop an animal model, evaluating the treatment 
effects, of stroke rehabilitation that better mimics tDCS applications in humans using a bedside-to-
bench approach. Most importantly, we aimed to develop an animal model where the effect of anodal 
tDCS over ipsilesional M1 is tested while animals perform goal-directed upper limb training. 
Therefore, rats were trained on the pasta matrix reaching task, a sensitive behavioural assay that 
allows the manipulation of limb use in order to mimic human clinical phenomena (Kerr & Tennant, 
2014). Reaching and grasping movements are often affected by stroke in human and form a crucial 
part of the rehabilitation process. 
The pasta matrix reaching task assesses skilled forelimb function which is not part of the natural rat 
behaviour (at least not with the level of dexterity required by the task) but was intensively trained 
prior to inducing the experimental stroke. Comparing pre-stroke performance to the behaviour post 
stroke, it provides a sensitive measure of both motor impairment and functional improvement after 
stroke (Ballermann et al., 2001). However, our analysis does not allow us to distinguish whether rats 
adopted a compensatory strategy or truly recovered forelimb function (i.e. performed the movement 
in the same way as prior to stroke). To answer this question one would require a detailed analysis of 
the grasping kinematics (Whishaw, 2000). Nevertheless this task allowed us to determine the 
effectiveness of anodal tDCS during the training on regaining function of the pre-trained reaching 
and grasping movements.  
 
We induced photothrombotic stroke in the primary motor cortex contralateral to the preferred limb. 
The photothrombotic stroke model induces ischemic damage within a cortical area, through the 
photo-activation of a light-sensitive dye previously delivered into the blood stream (Dietrich et al., 
1986; Labat-gest & Tomasi, 2013; Schmidt et al., 2012; Watson et al., 1985). Location and lesion size 
can be modulated by altering the duration of light exposure, dye concentration, irradiating intensity 
and beam position (Schmidt et al., 2012). This approach induces a cortical stroke but has the 
advantage that the lesion size can be better controlled than in rat models inducing subcortical stroke 
(for example using the middle cerebral artery occlusion method, (Tamura et al., 1981)). Even though 
we used a highly controlled protocol to induce the stroke some rats had bilateral lesions and hardly 
grasped during the post-stroke phase. This indicates that midline areas (including cingulate cortex) 
and even the contralesional sensorimotor cortex might at least partly contribute to functional 





It is likely that the bilateral lesions occurred due to a minimal shift of the cold light source which was 
not detectable by eye. After injecting Rose Bengal via the femoral vein the animal has to be replaced 
back on the stereotactic frame to place the cold light source with an aperture of 8 mm diameter 
upon the skull. Everything has to be done within a 2 min time period and in some animals the cold 
light source might have moved by a few degrees, thus affecting also the non-targeted hemisphere 
causing a bi-lateral lesion. For the future experiments this part need to be improved by optimizing 
the cold light source aperture and/or fixation. Moreover it might be useful to acquire an anatomical 
magnetic resonance image prior to training so that lesion size and location can be properly identified.  
This, however, was not possible in the present study. Overall, the occurrence of bilateral damage 
shows how difficult it is to induce a controlled lesion in rodents, particularly, since this PhD project 
was the first to implement the photothrombotic stroke model in the laboratory.     
 
Our main finding was that application of anodal tDCS to the ipsilesional cortex during motor training 
led to significantly improved recovery compared to sham tDCS. It is important to underline that, to 
the best of our knowledge we are the first to apply tDCS during post stroke rehabilitation training in 
an animal model and test changes in behaviour using a sham-controlled, repeated measures design. 
Our results reached significance only when we excluded the non-grasping rats from the data 
analyses. However, based on the available data in healthy human volunteers, tDCS is only efficient in 
facilitating behavioural markers of learning when it is combined with executing a motor task (see 
discussion in chapter 3), which is in line with our results.  
 
An important parameter that determines the effectiveness of post-stroke training and tDCS 
application is onset time. Although there is still no consensus on the optimal time window to begin 
the rehabilitation, it is known that an injured brain is susceptible to stimulation in the subacute phase 
(Kim et al., 2009). Yoon et al., (2012) reported that the application of tDCS in rats was more effective 
when started either 7 or 11 days post-stroke compared to 1 day post stroke, suggesting that anodal 
tDCS has no benefit when applied very early after the insult. However, it is also critical to not start 
the rehabilitation too late because early interventions in general have a more beneficial effect on 
long-term behavioural outcomes (Adkins & Jones, 2005; Biernaskie et al., 2004). In our study we 
started the concurrent application of tDCS with training 4 days after stroke onset. A significant 
difference between anodal and sham tDCS groups was observed after 6 training sessions (i.e. at day 9 
post-stroke), it remains possible that anodal tDCS applied during the first 5 session of training 
contributed to this effect.  
Current density is another important parameter that is likely to influence the effectiveness of non-




animal studies. The current density typically applied in animals (34.2 A/m2) is 85 times higher 
compare to humans (0.4 A/m2) (Brunoni et al., 2011). Although in our study we deliberately chose a 
lower current density (15.9 A/m2) than previous studies (Notturno et al., 2014; Peruzzotti-Jametti et 
al., 2013; Yoon et al., 2012), it was still significantly higher compared to that typically applied to 
humans. Additionally, human studies use a symmetrical electrode sizes whereas in animal studies the 
reference electrode is almost 100 times larger than active electrode (Brunoni et al., 2011). These 
differences might be important for translational research, as previously shown from Mendonca et al., 
(2011) the tDCS effects are current distribution depended. For example, it could be that current 
applied in animals is more focal compare to humans. This might be due to highly asymmetrical 
electrodes in animals which increase the focality of the anodal electrode (Nitsche et al., 2007; 
Parazzini et al., 2011).  However, the biggest difference is most likely the much higher current density 
applied in animal models compared to humans. 
Only male rats (Sprague Dawley) were chosen for the behavioural experiment of our study in 
accordance with previous studies (Jiang et al., 2012; Kim et al., 2010; Yoon et al., 2012). The 
menstrual cycle in female rats might influence the outcome of the results. 
 
We also observed substantial differences in the rat behaviour depending on the supplier. In a pilot 
study we obtained the same rat strain (Sprague-Dawley) from two different companies i.e. Harlan 
Company and Janvier Company. To our surprise, we noticed a difference in behavioural performance, 
even though they did not reach significance, main effect of Group F(1, 14) = 2.93; p = >0.05. There 
were differences in the time the rats needed to start grasping the pellets (see the first and the 
second training session on day 1) and even after 5 days of training there were differences in the 
overall amount of pellets grasped per training session, even though the data did not reach 
significance, Time x Group interaction F(3, 42) = 1.02; p > 0.05 (Fig 1). These differences might result 
from initial anxiety of the rats. We decided to order all animals from one company (Harlan 
Company). Nevertheless, even after taking this precaution we still noticed some differences amongst 
rats coming from the same company (delivery from Netherlands versus Italy of Harlan Company) but 
different breeding areas. These differences became clearly apparent when handling the rats and 
could result from the breeding or the delivery of the animals. For this reason we had a relatively long 
familiarization and pre-training period to ensure that rats exhibited relatively stable reaching 
behaviour prior to inducing the experimental stroke.  
The results in the text are reported as mean (M), error bars in the figure display the standard error of 






           
 
Figure 1 – The difference between Harlan Company (n = 12) and Janvier Company (n = 6). D1-m = day one morning, D1-a = 















































Our study showed that non-invasive brain stimulation techniques such as transcranial Direct Current 
Stimulation (tDCS) can facilitate long-term memory formation. It also showed some promising effects 
of tDCS for facilitating motor recovery in an animal model of stroke. However, further research will 
be needed to use this model and to gain a better understanding of the neural mechanisms 
underlying the effect of anodal tDCS stimulation. Furthermore, this model can be used to investigate 
which time point after the incident is optimal for applying tDCS and many other questions directly 
related to applying tDCS to the damaged brain. Therefore we suggest pursuing the use of tDCS for 
increasing plasticity after stroke for future research. The following aspects need further 
consideration: firstly, larger numbers of animals per subgroup (anodal/sham tDCS) are required to 
obtain better and more reliable results regarding the efficacy of tDCS intervention.  
Secondly, although a large number of reaching tests/tasks has been developed for rats, the perfect 
test does not exist. Therefore, it is important to choose an appropriate behavioural test. Moreover, it 
might be important to include control groups that receive either anodal or sham tDCS during rest to 
show also for this rodent model that the strongest effects are revealed when anodal tDCS is 
combined with motor training. These tests are necessary to draw more reliable conclusions at the 
behavioural level which forms the basis for interpreting potential molecular aspects.  
Third, the current density applied in humans is much lower when compared to rodents, mainly to 
minimize discomfort and damage of the skin. As current density is an important parameter that is 
likely to influence the effectiveness of tDCS, future studies should test a current density 
closer/comparable to the human studies which might be beneficial to better understand the effects 
of tDCS. However, if studies in the animal model would reveal that high stimulation intensities are 
necessary for facilitating recovery from stroke, one might consider minimally invasive procedures for 
placing the electrodes.   
Another important point is to perform MRI examinations right after the experimental stroke to 
better match the lesion characteristics across groups.  
Furthermore, to finally understand the underlying mechanism of how tDCS works, future research 
should analyse neural markers of plasticity. Currently, we developed an animal model which allows 
us to collect behavioural data but also to perform histology. Unfortunately, in the current study it 
was not possible to run molecular tests, i.e. immediate early genes, Western blot analyses following 
electrophysiology and immunohistochemistry tests but future research should take advantage of 
these techniques which might help/indicate to better understand why tDCS is beneficial for the 





Last but not least it is worth mentioning that anodal tDCS is not the only modulator of neuroplasticity 
and learning and that it might be interesting to further pursue behavioural manipulation as the 
reward and punishment scheme used here. In future experiments a larger number of participants 
(rewarded/punished) is required in order to draw a more reliable conclusion, and it would be 
advisable to use a different task. Furthermore, a control group should be included which might help 
to properly interpret the differences amongst the conditions. The control group should only receive 
motivationally neutral feedback irrespective of performance. However, the subjects in the control 






In summary, we showed that monetary reward or punishment had little influence on use-dependent 
plasticity triggered by motor practice which might result from the nature of the task used in this PhD 
thesis. By contrast, tDCS modulated long-term use-dependent plasticity caused by repetitive training 
in healthy humans and using an animal model we could show that the application of tDCS during 
early post-stroke training is beneficial in an animal model of stroke. Our results suggest that tDCS is a 
promising adjuvant to facilitate motor recovery following stroke. However, while the effects of tDCS 
look very promising, further research is needed because the underlying mechanisms are not well-
understood. Animal models that closely mimic tDCS application in human patients, as developed 
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1 –  The prevalence of several neurological disorders such as headache, epilepsy, dementia, 
Parkinson’s disease, multiple sclerosis, stroke and cerebral palsy, tends to be higher in 
Albania than in other countries. Differences may be explained by study design, population 
structure, and/or genetic and environmental factors however, further research needs to be 
done to identify these factors prior to the introduction of preventive strategies.  
 
2 –  Multicultural exchange opens the mind and helps to change the students’ view on different 
ethnic groups.  
 
3 –  Studying demands a lot of time and energy, therefore extracurricular activities are very 
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ANYWAY – Mother Teresa  
 
People are unreasonable, illogical, and self-centered, 
LOVE THEM ANYWAY 
If you do good, people will accuse you of selfish, ulterior motives, 
DO GOOD ANYWAY 
If you are successful, you win false friends and true enemies, 
SUCCEED ANYWAY 
The good you do will be forgotten tomorrow, 
DO GOOD ANYWAY 
Honesty and frankness make you vulnerable, 
BE HONEST AND FRANK ANYWAY 
What you spent years building may be destroyed overnight, 
BUILD ANYWAY 
People really need help but may attack you if you help them, 
HELP PEOPLE ANYWAY 
Give the world the best you have and you'll get kicked in the teeth, 
GIVE THE WORLD THE BEST YOU'VE GOT ANYWAY 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
